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BACKGROUND

A diver breathing wit- :.dcrwater breathing apparatus

* will have his ventilatory capability degraded by an inherent

breathing impedance in the equipment used. The impedance of

both the equipment and the diver's respiratory system will

increase as ambient pressure increases. Although breathing

impedance ip diving equipment has been of concern to physicians,

physiologists, and engineers for several decades, there is

little.information concerning the deleterious physiological

effects imposed on the diver breathing with SCUBA. Moreover,

there is a paucity of information which delineates bioengineer-

ing specifications for breathing resistance in underwater

breathing apparatus.

Operationally, such information is extremely important

because the increased work of breathing with SCUBA causes a

degradation in the diver's capacity for physical exertion.

Moreover, in resistive breathing, there is a concontmitant

retention of carbon dioxide. This latter factor is of con-

siderable significance due to the marked potentiating effects

* of carbon dioxide on inert gas narcosis and sdsceptibility to

oxygen toxicity.

"Previous difficulties in the study of breathing impedance

of underwater breathing equipment stern from several areas. It

is technically difficult to measure pressure differentials and

0
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flow rates in submerged underwater breathing apparatuf;.

Secondly, it is technically difficult to measure the -

logical changes in the diver who is breathing with an under-

water breathing apparatus while submerged. Because of these

difficulties, previous assessments of the acceptability of

breathing resistance in underwater breathing apparatus have

been based on the subjective impressions of divers using the

equipment. However, this method of evaluation provides

information of dubious value, as divers often have a cavalier

"can do" attitude towards their diving equipment and are

willing to tolerate a high level of discomfort.

The Submarine Development Group One Medical Department

conducted an extensive study to measure the breathing resis-

tance encountered by an exercising subject breathing with the

Mark VII1, Mod I and the Mark XI, Mod 0 semi-closed underwater

breathing apparatus. The objectives of this study were:

a) The delineation of physiological effects imposed by equip-

ment resistance in the presence of gases of normal and increased

density; b) The development of techniques to evaluate breath-

ing resistance in diving equipment; c) The tentative

establishment of specifications for engineering design of

diving equipment in terms of breathing resistAnoe.

The scope of this study is limited though in that it only

addresses the diver and his equipment in the "dry" state.

Immersion causes profound physiological changes in ran, and

alters to an undetermined degree the respiratory impedance of0
t|
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both man and his underwater breathing equipment. Subsequent

study should be directed to other types of underwater

breathing equipment and to developing the technology to study

the submerged diver and his equipment.

!It is not the purview of this report to provide an exten-

sive treatise examining all the factors that increase a

submerged diver's respiratory impedance. However, a brief

review of the physiological effects of pressure breathing and

of resistive breathing is presented so that the background for

later discussion can better be understood.

When a diver breathes with underwater breathing equipment

in the water, a number of factors interact to increase the

diver's respiratory impedance. The first major factor that

increases a SCUBA diver's work of breathing is posed by the

resistance to gas flow of the components of his breathing

apparatus and thecompliance of his breathing bags. This group

of factors will be affected by alterations in gas density and

in ambient temperature. The second major factor that increases

respiratory impedance results from imbalances of hydrostatic

pressure acting upon the interconnected diver's lungs and the

breathing bags of his underwater breathing apparatus.

HYDROSTATIC EFFECTS

With most diving equipment a SCUBA diver will be positive

or negative pressure breathing to a significant degree most of

the time that he is in the water. A recent study of the

breathing hydrostatic of bag type apparatuses has examined in0.
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detail the interrelationships of the lung centroid, head cen-

troid, the bag collapse plane and the exhaust valve location

and setting, all of which interact to regulate the degree of

positive or negative pressure breathing which a diver will

encounter (46). This analysis shows that a diver using the

Mark VIII, Mod 0, semi-closed underwater breathing apparatus

with the exhaust valve 1/3 closed (giving an intrabag pressure

of + 15 cm H2 0) will be positive pressure breathing a pres-

sure greater than + 5 cm H2 0 in over 70% of the possible posi-

tions that he can assume in the water. In some positions with

this exhaust valve setting, the diver may be positive pressure

breathing at pressures as great as + 45 cm H20. In 20% of the

possible positions the diver can assume, he will be negative

pressure breathing at pressures more negative than - 5 cm H2 0.

The positions that a diver most commonly employs are the

upright (vertical) and prone (swimming) positions. In the

upright position, a diver using the Mark VIII with the same

exhaust valve setting will be negative pressure breathing at

- 10 cm H2 0. In the prone position, the diver will be positive

pressure breathing at + 15 cm H2 0.

The design characteristics of the Mark XI UBA tend to

reduce the hydrostatic imbalances encountered by the diver,

especially the magnitude of positive pressure breathing. How-

ever, even with' this equipment, the diver can still experience

hydrostatic pressure imbalances up to + 25 cm H20 in some positions

0I
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The physiological effects of both positive and negative

pressure breathing have been extensively investigated. However,

these studies have only examined the resting individual and

not man at work. As a consequence, the validity of application-

to the present study and to the working diver is limited.

POSITIVE PRESSURE BREATHING

In aviation positive pressure breathing of 100% oxygen

is used to improve aviator oxygenation at high altitude. As

a consequence, the physiological consequences of positive

pressure breathing have been extensively studied and reviewed.

Subjectively, the sensation of positive pressure breathing

is considered preferable to that of negative pressure breathing

(50). Positive pressure breathing with a mouthpiece at pressures

around + 25 cm of H2 0 is very uncomfortable; above this level it

cannot be tolerated for very long (21). At these pressures the

lips cannot be held against the mouthpiece and gas is lost

through gaps between the mouthpiece and lips. The cheeks and

neck are distended and there may be considerable discomfort

associated with this distention.

Effects Upon Lung Volumes and Pulmonary Ventilation

Positive pressure breathing is accompanied by a progres-

sive distention of the lung. Vital capacity and residual volume

are increased during positive pressure breathing. Expiratory

reserve volume is increased 33% at a pressure of + 5 cm H 20 and

601 at + 10 cm H 20.(21).

0
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0 There is little change in respiratory dead space during

positive pressure breathing at rest with pressures up to

+ 10 cm H20. At pressures greater than + 10 cm H2 0, both

anatomical and physiological dead space increases markedly (21)'.

This increase in physiological dead space is though to

result from decreased perfusion of alveoli with blood which

accompanies the reduction in cardiac output and fall in

pulmonary artery pressure during positive pressure breathing.

As respiratory dead space is increased during positive

pressure breathing, total pulmonary ventilation increases

to maintain the same alveolar ventilation. As a consequence,

during positive pressure breathing there is often a small

degree of hyperventilation (21). This increased respiratory

minute volume is effected priznarily through an increase in

tidal volume and to a lesser degree by increases in respiratory

frequency.

Effects Upon Mechanics of Breathing

Inspiratory flow rates are increased with pressure breath-

ing and the time required for inspiration is lessened, Mean

expiratory flow rates fall slightly with positive pressure

breathing and there is a flattening of the expiratory flow

pattern.

During positive pressure breathing there is increased

tone of expiratory musculature. During positive pressure

breathing at pressures greater than + 10 cm H 20, inspiration

occurs by relaxation of the expiratory musculature. At pressures0
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above + 20 cm H 0, expiratory muscle tone is markedly increased

in order to prevent overdistention and discomfort of the lungs.

Pulmonary compliance appears to be unaffected by small

amounts of positive pressure breathing (21) but at high lung

volumes it is decreased. Positive pressure breathing causes

a reduction in airway rr-istance, the degree of which appears

to be directly related to thn degree of positive pressure

breathing (21). This change in airway resistance is thought to

be primarily a result of the inc..reased airway diameter caused

by distention of the lungs. A secondary mechanism which may

be responsible for this phenomenon may be a decrease in the

vascularity of the bronchial mucosa which is tending to in-

crease airway resistance.

Effect on Metabolism and Work of Breathing

Positive pressure breathing during rest at pressures of

+ 40 cm H2 0 has been shown to cause an increase in oxygen

* consumption Ond carbon dioxide production. Increased work of

breathing most likely accounts for these increases. During

positive pressure breathing, there is evidence for the impair-

ment of nervous coordination of respiratory musculature which

would tend to lessen the efficiency of the respiratory mus-

cles (2]). Secondly, while inspiratory work may be decreased,

during positive pressure breathing at low pressures, there

will be an increase in the work required for expiration. At

V higher pressures, inspiratory work may become significant as

the respiratory muscul2ture limits the degree of distention

0 during inspiration.
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Cardiovascular Effects

A primary effect of positive pressure breathing is

the displacement of blood from the thorax into the limbs. As

intrapulmonary pressure increases, it reflexly produces a

peripheral arterial and venous vasoconstriction. Concomit-

tently there is a tachycardia and increases in arterial and

central venous blood pressure. Positive pressure breathing

at 3C cm H20 reduces cardiac output about 15%. At + 40 cm

by H2 0 card~iac output is reduced about 30% (21). At pressures

of 20 cm H 0 or above, syncopal episodes may occur which are
2

thought to result from the marked reduction in effective

blood volume (32). Investigators have noted that concurrent

hypoxia, hypocapnia or anxiety will potentiate the occurrence

of positive pressure breathing syncope.

NEGATIVE PRESSURE BREATHING

Paton and Sand (50) reported that positive pressure

breathing with expiratory d~fficulty was Cubjectively prefer-

able to the sensation of negative pressure breathing (NPB) with

inspiratory difficulty. During negative pressure breathing

there may be pain in the lower chest and throat. Instances of

pulmonary edema have been reported in divers who have been

negative pressure breathing at high pressures.

Effect on Lung Volumes and Pulmonary Ventilation

During negative pressure breathing at 20 cm H2 0, vital
2N

capacity is decreased about 15% (62). Paton and Sand (50) and

other investigators (60) have found that vertical immersion in

[0
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water, even tho ugh the subject is concurrently poitive pres-o

si~re breathing, causes a decrease in vital capacity. Tidal

volume diminishes during negative pressure breathing, and

expiratory reserve volume progressively decreases with increas-

ingly negative pressures.

Paton and Sand reported that the respiratory minute volume

of two subjects who were negative pressure breathing during both

rest and exercise was unchanged from control values (50). The

composition of alveolar gas during negative pressure breathing

has not been studied.

Effect on Mechanics of Breathing

During moderate degrees of negative pressure breathing,

Paton and Sand (50) reported that inspiratory and expiratory flow

rates remain unchanged. Other investigators have found marked

increases in peak respiratory flow rates during NPB (63).

Decreases in pulmonary compliance have been reported during

NPB (8-A), which have been attributed to engorgement of the

lungs with blood. Ting et. al (63) questioned the validity of

this finding because of the artifact introduced into esophageal

balloon measurements at small lung volumes. Subsequent investi-

gation (64) indicates that compliance is decreased during NPB

and that a primary contribution to this phenomenon may be the

closure of alveoli (64).

Airway resistance is markedly increased by vertical immer-

sion and by negative pressure breathing; During vertical "inr.ner-

sion to the level of the neck, airway resistance is increased

Qabout 60% (2). During negative pressure breathing at 20 cm H 201

I
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airway resistance increases 160% (2). The increase in airway(3 resistance which occurs with immersion is attributed to the de-

creased airway diameter which occurs at low lung volumes. The

further increase found during negative pressure breathing is

thought to result from compression of extrathoracic airways.

Hong, et. al. (33) have found that immersion to the level

of the neck produces an almost twofold increase in total work of

breathing. Seventy-five percent of this increase was attributable

to an increase in elastic work, and the remainder to increased dy-

namic work. 'This marked increase in dynamic work can be attribu-

ted.to an increase in the flow resistance of airways functioning

at small lung volumes.

Effects Upon Metabolism and Work on Breathing

Paton and Sand (50) studied the metabolism of subjects at

rest and during, exercise who were negative pressure breathin,.

Neither oxygen consumption nor carbon dioxide production were

found to change from control values. These investigators conclu-

ded that negative pressure breathing did not significantly increase

work of breathing. However, this conclusion is suspect as Paton

and Sand's observations were small both in number and in level of

exercise. Possibly a more careful and larger number of experiments

would demonstrate changes in oxygen consumption resulting from

increased work of breathing.

Cardiovascular Effects

During NPU at pressure of -- 30 cm H2 0, pulse rate is increa-

sed, arterial blood pressure is only slightly affected and central

venous pressure is reduced (63). During negative pressure breathing

the veins entering the thoracic cavity collapse and the thoracic

- .



11

circulation operates at a considerably reduced pressure. The

OJ pressure differential between these two circulations is thus

maintained by the left ventricle.

STANDARDS FOR POSITIVE AND NEGATIVE PRESSURE BREATHING

Bevause of the syncope and deleterious physiological

effects which positive pressure breathing can cause, continuous

positive pressure breathing at altitude (without use of a pres-

sure suit or jerkin) is limited to a maximum pressure of + 20 cm

H20 (21). Maximum permissible limits for intermittent positive

pressure breathing have not been proposed.

The maximum negative pressure at which man can safely

breath for long periods has not been established. There is

general agreement that hegative pressure breathing is more hazard-

ous than positive pressure breathing. It is only reasonable to

limit negative pressure breathing to a maximum pressure of -

20 cm H 0.
2

RESISTIVE BREATHING

Any system of tubing, connections, check valves, etc., imposes

a certain amount of opposition to the passage of gas. In under-

water breathing equipment, sources of flow resistance fall into

two overlapping categories. The first category is the restriction

to flow in the form of inadequate diameter of tubing, check

valves, etc., which will not accommodate the respiratory air

flow of a working man. The second contributor to air flow

resistance is any source of turbulence such as projecting obstruc- N

tions, check valves, etc., which cause radical redirection of flow.0

' " i
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Semi-closed underwater breathing apparatus always have

a rubber counterlung or re-breathing bags to act as reservoirs

for gases. Additional respiratory impedance is imposed by

the elastic pressure under which the gases are held in the bags.

Bag elastic pressure depends upon the compliance of the bag

and the volume of gas contained in the bag. The volume of

gas in the bag depends upon the rate of injection of fresh

gas and on the characteristics of the exhaust valve through

which excess gas is voided to the surrounding water.

Cooper attempted to quantitate the amount of work done

against elastic forces and the amount of work done against

frictional forces in breathing equipment (19). He found that

at high respiratory minute volumes, the amount of work done

against elastic resistance was very small. With diving equip-

ment it is conceivable that cold water may alter the compliance

"of breathing bags so that elastic resistance becomes a signifi-

cant contributor to the work required to breath with UBA.

Numerous studies have investigated the physiological

effects of breathing against added external resistance. Cc,.'-ri-

son of the findings of one study with those of another is often

difficult because of the dissimilar experimental techniques

and types of subjects employed in these studies.

Many past studies have been concerned with determining

the physiological cost involved in using respiratory protective

devices such as gas masks and devices to filter and absorb

particulate matter from the atmosphere. The breathing resis-

Q tance characteristics of thasedevices may markedly differ from

Smay
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those present in underwater breathing apparatus.

Subjectively, increased-inspiratory resistance has been

repotted to be. less objectionable than increased expiratory

resistance. Except when resistive loads are minimal, Silverman

recommended that expiratory-resistance should never exceed more

than 40% of the total imposed resistive load (57). When the

degree of respiratory obstruction becomes too great for a given

ventilation, the subject experiences a sensation of choking

dyspnea (3). This point at which resistance becomes intolerable

is probably signalled by a combination of anoxemia and hyper-

capnia.

Effect on Lung Volumes and Pulmonary Ventilation

Adding resistance to inspiration and expiration prolongs

the-time required for each phase of respiration (13, 66). The

greater the amount of resistance, the greater the degree of

prolongation. However, the expiratory phase of respiration is

considerably more affected than inspiration, and with high

resistances is markedly lengthened.

Added resistance to expiration (66) and the combination of

added inspiratory and expiratory resistance (13) produces an

increase in expiratory reserve volume. it is believed that thA

increase in expiratory reserve volume that occurs when resistance

to expiration is increased is related to the prolongation in the

time of expira%ion. Without added resistance the elasticity of

the lung is normally sufficient to pull the thoracic cage back

to the resting expiratory level. With added resistance and the

04
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prolongation of expiration, there may be insufficient time for

the chest to regain its resting position before the respiratory

center signals for the next.inspiration.

Adding resistance to inspiration and expiration sepa-

rately or in combination causes a decrease in respiratory

minute volume (13, 57). The combination of added resistance to

inspiration and expiration simultaneously causes the most marked

decrease in ventilation. -The greater the amount of imposed

resistance to any phase or phases of respiration, the more pro-

found the degree of hypoventilation. This phenomenon is seen

in subjects both at rest and during exercise.

As resistance to breathing is progressively increased,

there is a progressive decrease in respiratory frequency and

often an increase in tidal volume (13, 57). This alteration in

breathing pattern may be a mechanism which the subject intuitively

employes to minimize work of breathing. Otis (48) has theoreti-

cally predicted that when flow resistance is increased, the

optimal respiratory frequency falls in order to minimize

energy expenditure.

As a result of the hypoventilation that occurs with

resistive breathing, alveolar carbon dioxide tension rises and

alveolar oxygen tension falls (13, 66). Cain and Otis (13)

sugqest that retention of carbon dioxide during resistance

breathing indicates a compromise in which CO2 tension is allowed

to remain elevated so that additional energy is not expended to

reduce it to the original pre-resistance level. This

0



15

explanation is consistent with Cherniack's observation of

a decreased sensitivity to carbon dioxide in normal subject's

breathing against artificial obstruction (17).

The effects of increased breathing resistance upon

respiratory dead space have not been-studied. Physiological

dead space most likely progressively increases as the amount

of external resistance to breathing is increased. The marked

prolongation of expiration, which occurs during resistive

breathing apd which increases expiratory reserve volume, would

also increase and prolong the positivity of intrathoracic

pressure and reduce pulmonary circulation. The net effect

of the resulting alteration in Va/* would be to increase

physiological dead space.

Effect on Mechanics of Breathing

As resistance is added to the flow of gas during respira-

tion, an increased inspiratory and expiratory effort is

required to maintain adequate ventilation. When added resis-

tance is imposed on both the inspiratory and expiratory phases

of respiration, inspiratory work is consistently larger than

expiratory work (13). The inspiratory phase of respiration is

always shorter than the expiratory phase. As such, the

inspiratory muscles generate a higher flow rate and higher

pressure than the expiratory muscles. This phenomenon accounts

for the additional work during inspiration.

Expiratory work per breath also tends to be greater

Q when resistance is added to both the irspiratory and expiratory

I
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phases of respiration, than to expiration alone (66). Since

the increases in tidal V'olurie are generally quantitatively

the same in both situations, the difference in expiratory

work is thought to be due to the greater expiratory flow and

hence pressure that occurs when both inspiration and expira-

tion encounter resistance (66).

Effect on Metabolism and Work of Breathing

Cain and Otis (13) reported an increase in the oxygen

consumption of resting subjects respiring against added resis-

tance to inspiration, to expiration and the combination.

Silverman found that the oxygen consumption of subjects was

slightly increased if they were breathing against added inspira-

tory resistance or breathing against a combination of added

inspiratory and expiratory resistance at light work loads (57, 58).

At heavy work loads, breathing against expiratory resistance

alone, and respiring against combined inspiratory and expira-

tory resistance caused an appreciable decrease in oxygen

consumption. In this latter situation, respiratory exchange

quotients were often greater than 1.0. Findings similar to

those of Silverman have been rnported by Tabakin (59) and

by Burton (11). In a careful study of the oxygen cost of

breathing, McKerrow and Otis (43) found a decrelse in the

oxygen consumption and ventilation of subjects breaithing a-

gainst a combination of increased inspiratory and expiratory

resistance.

Thompson, et. al (61) studied the recovery oxygen consump-

tion of subjects aitcr they had been brcathinj against In-

creased external resistance. These investigators found that

• !___________
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there was a positive correlation between resistance and an

elevated recovery oxygen uptake after the performance of

moderate work. This increase in recovery oxygen consumption

was attributed to the "pay-back" of an oxygen debt contracted

during resistive breathing.

A recent study by Cerretelli, et. al. (16) examined the

oxygen consumption of subjects breathing through graded resis-

tances during exercise. These investigators found that the

maximum oxygen uptake'was reduced by the addition of resistance,

but that the relationship between oxygen uptake and work load

was unchanged. On this basis they concluded that there was

no indication that resistance breathing caused a shift to an

anaerobic type of metabolism.

From the foregoing discussion, it is obvious that there is

considerable controversy with regard to the effect of resis-

tance breathing upon oxygen consumption. Much of the confusion

probably results from differences in experimental methodology.

Moreover, it is apparent that the additional metabolic require-

ments encountered during resistance breathing are not clearly

reflected in the parameter of oxygen consumption.

Cardiovascular Effects

Small increases in pulse rate have been reported in subjects

who are breathing against added external resistance both at rest

and during exercise (11, 58). Cain and Otis found that the card-

iac output of subjects who were resistance breathing was diminishcS

during expiration, but increased during inspiration (13). The

overall effect of this phenomenon was to reduce cardiac minuut

VolamAI.
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() STANDARDS OF RESISTANCE FOR BREATHING APPARATUS

Silverman, et. al. (57) conducted the most extensive stud-

ies of the physiological effects of resistive breathing. These

investigators referred to resistances that they used as 82/53,

e etc. This designation implied that the subjects breathed

against a resistance such that a constant flow of 85 L/min

required a force of 82 mm H20 on the inspiratory side and

53 mm H20 on the expiratory side.

The physiological effects and subjective sensations of

Silverman's subjects indicated that 15 minutes of exercise at

a work load of 830 Kg-M/min while breathing against at 82/53

resistive force was poorly tolerated but could be done. At

a work load of 1107 Kg-/min, the maximum tolerable resistance

was noted to be 64 mm H 0 on the inspiratory side and 41 mm2

H2 0 on the expiratory side. These investigators measured the

total external respiratory work done in these situations, and

recommended that the rate of external respiratory work should

not exceed 0.6% of the total rate of body work. The recommenda-

tion of Hart (29) for maximum allowable resistance agrees with

the standard proposed.by Silverman. Cooper (19) re-evaluated

Silverman's work, and on the basis of this re-appraisal and

his own work, decided that external respiratory work should

not exceed 0.74% of the total rate of body work.

One difficulty in defining the acceptable limits for

breathing resistance is that subjects trained in breathing

against added resistance have a greater tolerance of discomrort

Sand superior physiological adaptation (19, 57). By modifyin ,
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respiratory frequency, shape of gas flow curves and possibly

gas exchange valuea., the trained subject is able to reduce his

respiratory work rate. However, as a breathing apparatus is

likely to be used by individuals with varying levels of exper-

ience in resistance breathing, the permissible level of

breathing resistance must be attuned to the requirements of

the untrained man.

Lanphier proposed semi-quantitative standards for

acceptable breathing resistance in SCUBA (51). He stated

that, "At moderate work rates, the average diver is reasonably

comforable for considerable periods if the inspiratory and

expiratory pressures do not exceed 10 - 15 cm at peak flow.

Subjects usually report definite discomfort when the pressures

rise much above 20 cm H2 0." These criteria have been used by

the U. S. Navy Experimental Diving Unit for determining the

accepability of breathing resistance in SCUBA (34).

A comparison of the standards proposed by Lanphier with

those of Silverman (57) and Cooper (19) can tentatively be made.

In making this comparison, the following assumptions were

made: Lanphier's divers were working at an external work load

of 600 Kg-M/min; respiratory -minute volume was 30 L/min and

respiratory frequency 15 breaths/min; the shape of the respira-

tory wave had a sine wave configuration (51). Using these

assumptions, peak pressures of 10 cm If20 would represent an

external respiratory work rate equivalent to 0.6% of the external

00
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AM work load. Lanphier reported that in general his divers

were able to tolerate greater amounts of equipment resistance

than were Silverman's subjects. The fact that Lanphier's

subjects were divers, experienced in breathing against exter-

nal resistance, probably accounts for this difference in,

degree of tolerance.

II
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METHODS and MATERIALS

EXPERIMENTAL DESIGN

The basic feature of this experiment was the study of

physiologic parameters in subjects who were at rest or exer-

cising while breathing normal or increased density gas mixtures

through a low resistance breathing system, with the MARK VIII,

Mod 1 Underwater Breathing Apparatus and with the MARK XI,

Mod 0 Underwater Breathing Apparatus. Additionally, the differ-

ential pressures generated in various components of the MARK VIII

and MARK XI semi-closed underwater breathing apparatus were

measured while the equipment was being used.

The conditions of physical activity studied were rest,

moderate work (500 Kg-M/min) and heavy work (1000 Kg-M/min).

The breathing gases used both during rest and exercise with

each breathing system were 30% oxygen - balance nitrogen and

30% oxygen - balance sulfur hexafluoride.

Table I gives the densities for the gases used in this

study. Table 2 shows the density of a mixture of one atmosphere

of oxygen, balance helium at pressures equivalent to 500, 600,

and 70'0 feet of sea water. Comparison of the relative densi-

ties between Tables 1 and 2 shows that a 30% oxygen, balance

sulfur hexafluoride mixture at sea level pressure is as dense

as a one atmosphere oxygen, balance helium mixture at a depth

equivalent to '600 to 700 feet of sea water.

0
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STABLE 1

List of densities for gases discussed in text at 70OF and
1 atmosphere Absolute Pressure (41, 65)

Gas gm/liter

He 0.1656

N2  1.161

02 1.326

SF 6  6.139

AIR 1.205

02, 30% 1.211
N2 *70%

02, 30%
SF 6 , 70% 4.695

TABLE 2

Density of 1 atmosphere of 02, balance helium mixture at 70*F

and pressures equivalent to 500, 600, and 700 feet of sea water(4i,

Depth (FSW) gm/liter

500 3.835

600 4.337

700 4.839

©N

0*P
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SUBJECT SELECTION and TRAINING

The physical data and diving experience of the six normal

imale subjects employed in this study are given in Table. 3'.

All were in good physical condition. Four of the subjects were

experienced divers; two had no diving experience.

Each subject was intensively trained prior to the days of

experimentation. This training period was designed to put the

subject at ease in the experimental situation and teach him to

pedal a bicycle ergometer in time with a metronome.

0L

I

,. .1
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EQUIPMENT

Exercise

Work was performed by the subject who pedaled a Collins

Electronic Ergometer at a. constant rate in time with a

metronome. Ambient temperature was maintained at 72 - 77*F.

A. LOW RESISTANCE SYSTEM

The general experimental arrangement of the Low Resis-

tance System is shown in Figure 1.

GAS ADMINISTRATION, BREATHING APPARATUSES AND VENTILATION
MEASUREMENTS

The composition of the gas mixtures used in this part

of the study were: 30% oxygen-balance Nitrogen and 30% oxygen -

balance sulfur hexafluoride. Each compressed gas mixture was

reduced and bled into a large balloon reservoir. A modified

Otis-McKerrow exercise valve was used for the administration

of the breathing mixture.

A Fleisch pneumotachometer which had been calibrated

for 70% nitrogen, 30% oxygen and 70% sulfur hexafluoride, 30%

oxygen mixture (nominal flow rate 360 L/Min - nax flow rate

450 L/Min) was affixed to the breathing valve. The dead space

of this arrangement was 140 cc. The pneumotachometer screen

was heated to prevent condensation of water vapor from altering

the flow characteristics of the pneumotachometer screen.

The differential pressure drop across the pneumotachometer.

screen during respiration was measured with a Hewlett-Packard

270 differential gas pressure transducer and flow recorded onC)

I
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an oscillographic recorder. The output from the flow carrier

preamplifier was fed into an integrating preamplifier to

obtain volume which was recorded on another channel of the

recorder.

A Hewlett-Packard 267-BC differential strain gauge

measured the difference between mouthpiece and esophageal

pressures. Another differential strain gauge measured the

differential pressure between the mouthpiece and ambient.

The outputp of these two strain gauges were recorded on the os-

cillograph.

Pleural pressure was measured with latex balloons 9.5 cm

long with a circumference of 3.5 cm. The balloons were fitted

over a polyethylene catheter with 1.3 mm internal diameter.

The balloons were positioned in the esophagus as recommended

by Milic-Emili et. al. (44). The balloons were then filled

with helium and the volume adjusted to 0.4 cc. The correct

balloon position was ascertained in each subject before the

initial experiment and balloon position was kept constant

during experiments.

GAS ANALYSIS

Expired gas was directed by means of 1-1/2" ID smooth

bore rubber tubing to a 10 liter mixing chamber. Mixed

expired oxygen and carbon dioxide were continuously sampled

from the mixing chamber. Gas sample flow rate was maintained

at 150 ml/min.

0
_ _ _ _ _ _ 9
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'0 Oxygen

The oxygen cqntent of the mixed expired gas was measured

with a Beckman Model - C (0-50% range) paramagnetic oxygen analy-

zer. Oxygen concentration readings were noted every 20 - 30

V seconds.

When sulfur hexafluoride was present in the gas being

analyzed, the following correction factor was used in order to

obtain the correct concentration of oxygen:

'CORRECT OXYGEN % = (02% READING + 1.633) (100) (6)

101.633

Carbon Dioxide

The carbon dioxide concentration of the mixed expired

gas was measured with a Godart Capnograph whose output was

read out on an oscillographic recorder. The presence of

sulfur hexafluoride was found not to interfere with the

measurement of carbon dioxide concentration by the Capnograph.

Additionally, to minimize any effect with sulfur hexafluoride

might have upon CO2 analysis, the Capnograph was calibrated

with carbon dioxide mixtures in a sulfur hexafluoride, oxygen

background when sulfur hexafluoride was present in the

breathing gas.

SAlveolar Carbon Dioxide

A sample line was connected to the subject's mouth-

piece. When alveolar carbon dioxide was to be measured, this

line was opened and connected to the sample head of the CO2

analyzer. The mouthpiece gas wras continuously sampled for

0 a period of 10 to 12 breaths. Alveolar carbon dioxide tension



28

was ascertained by measuring the percentage of carbon

dioxide after four-fifths of the time of expiration, a

technique suggested by Rahn and Farhi (52).

PULSE RATE

Electrodes were affixed to the subject's precordial

region and heart rate was continuously monitored with a

Hewlett-Packard high gain preamplifier and recorded on an

oscillograph.

B. HIGH RESISTANCE SYSTEMS

GAS ADMINISTRATION, BREATHING APPARATUSES AND VENTILATION
MEASUREMENTS

The compositions of the gas mixtures used in this phase

of the study were: 40% oxygen - balance nitrogen and 40%

oxygen - balance sulfur hexafluoride. Each compressed gas

mixture was reduced and injected at a constant rate into the

inhalation side of underwater breathing apparatus being evalua-

ted. Injection rates were adjusted for each activity level so that

the inspired oxygen concentration was maintained between 27

to 33%. The exhalation bag exhaust valve was then set to

relieve when exhalation bag pressures reached 5 to 6 cm H2 0.

Two types of underwater breathing apparatus were evaluated

in this study: the MARK VIII, Mod 1 URA end the MARK XI, .•od 0

UBA. The MARK VIII underwater breathing apparatus was studied

in conjunction with the HARYK Vl mouthpiece unit. Figure 3

depicts the breathing circuit of the MARK VIII URA; Figure 4

shows the MARK VI mouthpiece unit. The internal diameter of

the hoses and check valve orificos of this unit are 7/8*.
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The MARK XI, Mod 0 UBA was evaluated with both the

MARK VI mouthpiece unit and a specially fabricated mouth-

piece assembly which incorporated the check valves, connectors

and hoses from the modified Kirby-Morgan Clamshell helmet.

A large bore exercise mouthpiece was used in conjunction

with the Kirby-Morgan unit. Figure 5 shows the breathing

circuit of the MARK XI UBA and Figure 6 demonstrates the

Kirby-Morgan mouthpiece assembly. The Kirby-Morgan Clam-

shell helmet components differ princiapally from those in

the MARK VI mouthpiece unit in that the internal diameter
of the hoses and check valve orifices are 1-1/2", the

check vzlves themselves are larger and made of a more pliant

material, and acute turns of the passages which cause radical

redirection of flow have been eliminated.

To ensure that the incorporation of the Kirby-Morgan

Clamshell helmet components into a mouthpiece assembly did

not appreciably increase the flow resistance, inhalation and

exhalation flow resistance was determined with N2-02.

Figure 7 shows the inhalation flow resistance of the Kirby-

Morgan helmet and the component mouthpiece assembly. Figure 8

depictg the exhalation flow resistance of these two arrange-

ments. The slight increase in flow resistance caused by the

modification was not corsidered to bo significant.

N The same.Fleisch pnetwotachometer that was u%od in the

low resistance phase of the study was incorporated into

0
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either the MARK VI mouthpiece unit or into the mouthpiece

assombly fabricated from Kirby-Morgan components. The

pneumotachometer screen was heated as previously described.

The total dead space of the MARK VI mouthpiece unit with the

pneumotachometer was 147 cc, that of the Kirby-Morgan component

mouthpiece with pneumotachometer was 150 cc.

Recordings of flow and volume were obtained as in theI low resistance phase of the study. Mouthpiece to ambient and

esophageal to mouthpiece differential pressures were measured

and recorded as previously described. Additionally, differen-

tial pressure measurements were made at several sites of the

Underwater Breathing Apparatus. These differential pressures

were measured with Hewlett-Packard 267-BC differential pressure

transducers, each of whose output was amplified by a carrier

preamplifier and recorded on an oscillograph. The sites of

the differential pressures monitored in the MARK VIII and the

MARK XI Underwater Breathing Apparatus were:

a. Inhalation bag ambient differential pressure

b. Exhalation bag to ambient differential pressure

c. Differential pressure from the inlet side of the

carbon dioxide absorbent cannihter to the ouitlet sida

GAS ANALYSIS

Oxygen and Carbon Dioxide

During the measurement periods gas was allowed to bleed

from the inhalation and exhalation bags into 5 liter gas samplc.0
L.9~ ---- .--- - -
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() bags from which all gas had previously been evacuated. The

flow rate of gas into each bag was regulated at 200 - 250

cc/min. These gas samples were then analyzed in triplicate

for oxygen and carbon dioxide by the Micro-Scholander

technique (56).

Alveolar Carbon Dioxide

Measurements of Alveolar Carbon Dioxide were made by

the same technique employed in the low resistance phase of

the study,

PULSE RATE

Heart rate was monitored by the same method described in

the low resistance phase of the study.

EXPERIMENTAL PROCEDURE

Conditions Studied

This study was concerned only with the steady-state

phase of exercise, and all the data and calculations reported

pertain only to steady-state conditions. Measurements of the

physiological parameters of ventilation, metabolism, and

cardiovascular response (together with equipment response

measurements when appropriate) were obtained on 6 subjects

during each of the following conditions:

1 At rest, breathing 30% oxygen - 70% nitrogen through
a low resistance breathing system.

2. At rbst, breathing 30% oxygen - 70% sulfur hexafluo-
ride through a low resistance breathing system.

3. At rest, breathing 30% oxyge1) - balance nitrogen
through the MARK VIII UBA.02
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4. At rest, breathing 30% oxygen -. balance sulfur
hexafluoride tt'rough the MARK VIII UBA.

5. Exercising at a work load of 500 Kg--M/Min., breath-
ing 30% oxygen, 70% nitrogen through a low resistance
breathing system.

6. Exercising at a work load of 500 Kg-M/Min., breathing
30% oxygen - 70% sulfur hexafluoride through a low
resistance breathing system.

7. Exercising at a work load of 500 Kg-M/Min., breathing
30% oxygen - balance nitrogen through the MARK VIII
UBA.

8. Exercising at a work load of 500 Kg-M/Min., breathing
30% oxygen - balance sulfur hexafluoride through the
MARK VIII UBA.

9. Exercising at a work load of 1000 Kg-M/Min., breathing
30% oxygen - 70% nitrogen through a low resistance
breathing system.

10. Exercising at a work load of 1000 Kg-M/Min., breathing
30% oxygen - 70% sulfur hexafluoride through a low
resistance breathing system.

11. Exercising at a work load of 1000 Kg-M/Min., breathing
30% oxygen - balance nitrogen through the MARK VIII
UBA.

12. Exercising at a work load of 1000 Kg-M/Min., breathing
30% oxygen - balance sulfur hexafluoride through the
MARK ViII UBA.

Measurements of the physiological parameters of ventila-
tion, metabolism, and cardiovascular response together with
equipment parameters were obtained on 3 subjects during each
of the following conditions:

1. At rest, breathing 30% oxygen - balance nitrogen
through the MARK XI UBA with the NARK VI mouthpiece
unit.

2. At rest, breathing 30% oxygen - 70% sulfur hexafluoride
through the MPJU( XI UBA with the MAARX VI mouthpiece
unit.

3. At rest, breathing 30% oxygen - 70% nitrogen through
the MARK XI UBA with the Kirby-Morgan component
mouthpiece assembly.
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4. At rest, breathing 30% oxygen - balance sulfur
hexafluoride through the MARK XI UBA with the Kirby-
Morgan component mouthpiece assembly.

5. Exercising at a work load of 500 Kg-M/Min., breathing
30% oxygen - 70% nitrogen through the MLhRK XI UBA
with the MARK VI mouthpiece unit.

6. Exercising at a work load of 500 Kg-M/Min., breathing
30% oxygen - 70% sulfur hexafluoride through the
MARK XI UBA with the MARK VI mouthpiece assembly.

7. Exercising at a work load of 500 Kg-M/Min., breathing
30% oxygen - balance nitrogen through the MARK XI UBA
with the Kirby-Morgan component mouthpiece assembly.

8. Exercising at a work load of 500 Kg-M/Min., breathing
30% oxygen - 70 % sulfur hexafluoride through the
MARK XI UBA with the Kirby-Morgan component mouthpiece
unit.

9. Exercising at a work load of 1000 Kg-M/Min., breath-
ing 30% oxygen - balance nitrogen through the MARK VI
mouthpiece unit.

10. Exercising at a work load of 1000 Kg-M/Min., breath-
ing 30% oxygen - 70% sulfur hexafluoride through the
MARK XI UBA with the MARK VI mouthpiece unit.

11. Exercising-at a work load of 1000 Kg-M/Min., breath-
ing 30% oxygen - balance nitrogen through the MARK XI
UBA with the Kirby-Morgan component mouthpiece unit.

12. Exercising at a work load of 1000 Kg-M/Min., breath-
ing 30% oxygen - 70% sulfur hexafluoride through the
MARK XI UBA with the Kirby-Morgan component mouthpiece
unit.

GENERAL PROCEDURES

Each subject was instructed not to take any drugs for

24 hours prior to each day of experimentation. Subjects

"reported to the laboratory on the morning of the experiment

after having a light carbohydrate breakfast. After the pre-

cordial electrodes had been attached and the esophageal balloon0
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positioned, the subject rested quietly on the bicycle for

15 minutes.

Physiologic and equipment measurements (where appropriate)

were then obtained for each inspired gas - activity level.

All resting and exercise states were of 15 - 25 minutes

duration. In the first part of each condition, the subject

was allowed to reach a steady-state status. The physiologic

and equipment measurements presented in this report are those

measurements obtained during the final 5 - 10 minute steady-

state status.

Resting state measurements for the different breathing

gas -. equipment conditions were always obtained prior to any

of the exercise states. After all resting state measurements

had been completed, the exercise state measurements were ob-

tained. The sequence in which each breathing system was evaluated

with a given gas, was varied from subject to subject. More-

over, the sequence of exercise conditions was varied for each

subject, so that in one situation the subject would perform

the heavy 'work first, and another time the light work load

would be performed initially. Each exercise state was

followed by a rest period of 20 - 30 minutes. During the lunch

break, the subject was given a light carbohydrate lunch. At

all times, the subjects were allowed water or non-caffeine

containing soft drinks ad libium.

0L
~ ~>4j*
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t OV11*1CALCULATIONS.

A. Physiological Parameters

The measurements of ventilatory volume and of the

composition of mixed expired gas obtained during each activity

level-inspired gas condition were used to cglculate the

subject's oxygen consumption and carbon dioxide production.

Oxygen consumption was calculated by using the formula (47):

F
* F eV = Fx inertiet- F x V STPD
.02 i F. e e

02 F .
inert

For the low resistance phase, carbon dioxide produc-

tion .Vas determined by the formula (47):

V =F x STPD
CO e 4e
.2 CO2

Because small amounts (0.1 - 0.2%) of carbon dioxide

were often present in the inhaled gas when the MARK VIII and

MARK XI were studied, carbon dioxide production was calculated

by the formula (47):

0 Fe - Fe inert x F. x Ve STPD

Ci2 Fe 2. inert CO2
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The fractional concentration of inert gas (i. e., nitro-

gen or sulfur hexafluoride) in the inspired breathing mixture

was calculated by subtracting the fractional concentration of

oxygen (and CO2 in the equipment studies) from unity. The

fractional concentration of inert gas in the expired gas was

determined by subtracting both the fractional concentrations

of oxygen and of carbon dioxide from 1.0.

In order to determine alveolar ventilation, an assumption

was first made of the magnitude of the subject's respiratory

dead space (5). The formula VA = Ve - VD was then used to

calculate alveolar ventilation.

Alveolar carbon dioxide tension was thus indirectly

determined by using the formula (47):

PA = • CO2  x (P 47}
CO2  VA

Direct calculation of alveolar carbon dioxide tension

was performed by taking the fractional concentration of

alveolar carbon dioxide measured as previously described

and multiplying by (P - 47).

Pressure-Volume loops were constructed from the eso-

phageal-mouthpiece pressure and volume tracings of at

least three breaths for each activity level-gas mixture -

breathing equipment condition. The calculated average tidal

volume for that condition determined the volwie of the breaths

that were used. Exophageal-mouthpiece pressure tracings were

0NM
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free of any artifacts due to swallowing, coughing, etc.

For each 2 mm of volume change on the oscillograph paper,

the corresponding esophageal-mouthpiece differential pressure

was determined and recorded. The actual volume of which

this 2 mm change in volume was equivalent was calculated

from the volume calibration. The pressures for the same

volumes for all the breaths were averaged and these averages

used to construct the P-V loops (48). The elastic, flow

resistive,, negative and total work per breath was determined

by measurement of the appropriate areas of the P-V loop

with a planimeter.

A four-way analysis of variance (ANOVA) was performed to

ascertain whether the activity level, the breathing mixture,

the breathing system or an interaction of these factors had

produced statistically significant (P< 0.05) changes. The

values obtained for intrinsic mechanical work of breathing

were plotted against ventilation and a best fit curve drawn

by eye. A polynomial regression analysis was performed on this

.mechanical work of breathing data but was not available in

time for inclusion in this report.

B. Equipment Parameters

The external respiratory work (W) required to breath

against the resistance Imposed by underwater breathing appara-.

tus and its constituent components can be determined by the

integration of gas volume and pressure. This integration is

Q formulized as follows: W /PdV

W = dI
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Cooper (18)stated that volume changes during resistive

breathing were similar to a sine wave and the derivative of

volume was best measured by using the formtulas of a sine

wave. Contrary to what Cooper found with his subjects, in

our study the pattern of breathing of subjects' respiring

through UBAs was not always sinusoidal. For this reason

Silverman's method of measuring external respiratory work (57)

was employed. Accordingly, mean differential pressure and

flow rates were calculated in the following manner:

I. TOTAL EXTERNAL RESPIRATORY WCRK

1. Low Resistance Systems

The work that the subject did while breathing

against the low resistance system was measured as the sum of j
external work done during exhalation and inhalation. The

mean mouthpiece to ambient differential pressure and volume

changes for each of the respiratory phases were measured

and used in the calculation of work. The sum of work done in

both phases was multiplied by the respiratory frequency (f) to

give the total rate of work. The following expression was used:

Work Rate (w) = Mean differential pressure (Pd). x
volume (V) x respiratory frequency (f)

2. High Resistance Systems

The subjects breathing through the semi-closed

circuit undcrwater breathing apparatus in this study were

positive pressure breathing. One result was that the subjects

0



39

had to actively work during expiration to. oppose the pressure

within the apparatus. During inhalation the subject may or

may not be required to expend energy against the equipment.

According to current references (12, 19) a mouthpiece pressure

below the ambient pressure during inspiration is indicative
of work being done by the subject; moreover, a mouthpiece

pressure greater than the ambient pressure indicated no work

being done by the subject. In the light of these interpreta-

tions, it was taken that during the period in which the

mouthpiece pressure was below ambient pressure, the subject

was doing work on the apparatus, and the mean pressure

(mean negative differential pressure) during this same period

was the force accounting for the corresponding flow rate.

The following descriptive formulae were used:

S

Exhalation work rate (We) = Mean differential pressure x
flow rate

Inhalation work rate (W.) = Mean negative differential x
flow rate

Total work rate + W ÷ W

II. COMPONENT WORK

a) Mouthpiece

The work done against the mouthpiece was determined

in two parts; the work done against the expiratory check

valve and its connectors and tubing, and the work done against

the inspiratory check valve and its connecting tubing. Each

mouthpiece to bag differential pressure was correlated with0

S-- ~
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flow. The following formulae were employed:

We = Mean mouthpiece to exhalation bag differential
pressure x flow rate

i = Mean mouthpiece to inhalation bag differential
pressure x flow rate

b) Pop-off Valve

The work done against the pop-off valve is dependent

upon the pressure setting of the valve and the flow resistance

imposed by the orifices of the valve. Immediately before each

condition the pop-off valve was set against the injection rate

so that the valve relie('ed at +5 - +6 cm H120 (static setting).

However, during the tests it was observed that the valve

would open and close at a pressure (dynamic setting) something

less than the static setting (usually 1-2 cm H2 0). The

mean differential pressure accounting for gas flow through the

valve was assumed to equal the mean pressure during the

period in which the valve was open. Mean flow rate through

the valve was calculated to equal the gas injection rate into

the system less the oxygen consumption. The following

formulae were used:

Mean flow rate through valve (V ) - injection rate - Vo2

Work Rate - V x meen differential pressure

C) Cannister

The force required for flow through the carbon dioxide

absorbent cannister was measured as the mean diffcrcntial0
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pressure from the inlet side of the cannister to the outlet

side. The flow rate through the cannister (Vc) was

measured as the ventilatory volume (Ve) less the volume of

gas exhausted through the pop-ofZ valve (which was determined

in the preceding section). Work done against the cannister

was calculated using the following formula:

Work Rate = xc d

d) Wasted Work

An attempt was made to correlate the external

respiratory work done on the various components of th I UBA

with the total external respiratory work expended ty the

subject using this apparatus. It was assumed thaL the

discrepancy between the measured total external r-espiratory

work and the-sum of the work done against indiviiual components

of the UBA (cannister wrk, pop-off valve work, mouthpiece

work) resulted from work lost to the system -- in other word.,

wasted work. Wasted work was calculated b," means of the

formula:

Wasted Work Rate - Total external respiratoiy work
rate . Componn . work rate

Fi

0I
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RESULTS

SUBJECTIVE EFFECTS AND GENERAL OBSERVATIONS

Inhalation of 70% sulfur hexafluorid: - 30% oxygen

produced narcosis. Some subjects were markedly affected;

others minimally so. The subjects reporteC mild paresthesias,

usually described as tingling and numbn!ss of the hands and

feet and occasionally around the lips. Other symptoms re-

ported were lightheadedness, a sensation of being drunk,

nausea, sleepiness, and feelings of euphoria or paranoia.

Auditory effects usually an accentuation of low tones was also

experienced.

Subjectively, the level of narcosis was increased when

the subject:s rested with their eyes closed. Under these

co~iditions a subject would occasionally fall asleep. During

the exercise states, the subjects reported that the level of

narcosis induced by SF 6-O2 inhalation was less intense. Dur-

ing subsequent exposures to sulfur hexaf]uorlde narcosis, the

subjects reported fewer subjective effects and a lesser degree

of intoxication.

From the standpoint of breathing resistance, the subjects

were unauttmous in their selection of the low resistance systen

as the most comfortable to work with. The PUK XI UHA with

the Kirby-f.organ cc~a~ponenL mouthpiece assembly was considercd

difficult to breath at the heavy work level. The MAK VIIl

and MARK XI with the MARK V! mouthpiece unit werc especiaL'y0
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disliked and drew severe complaints at the high work level.

All the subjects stated that the Mark XI had more expiratory

resistance than the Mark VIII, and that the Mark XI pop-off

valve seemed more difficult to relieve.

Breathing SF 6 -0 2 through the Mark VIII and Mark XI with

the Mark VI mouthpiece unit was very difficult. All the sub-

jects were visibly laboring at the completion of 15 minutes

of heavy work breathing SF 6 -0 2 through this equipment. One

subject, R.V., was unable to complete more than 12 minutes

of work in this situation because of exhaustion. Subject

W. L. had no difficulty completing 15 minutes of heavy exer-

cise breathing sulfur hexafluoride through the UBA's. How-

ever, after breathing SF6 -0 2 through the Mark VIII he

complained of a headache (his PA during this condition was

65mm Hg.). 2

The three subjects who participated in the evaluation of

the Mark XI as well as that of the Mark VIII appeared to be

laboring less and had fewer coinplaints about breathing

resistance in the later experiments than in the earlier studies.

While the subject W. L. was exercising at the heavy

work load breathing SF6-O2 through the Mark XI with the Kirby-

Morgan mouthpiece assemibly, the gas injection rate into the

UBA fell from 14.8 L/min to 9.2 L/min. This resulted in

an inhalation bag oxygen percentage of 17.2% instead of the

desired 30%. W. L.'s respiratory minute volume, alveolar

carbon di.oxide tension and other physiological parameters for

oC)

k
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this condition should be evaluated with this inspired

oxygen percentage in mind.

PHYSIOLOGICAL PARAMETERS

Each of the parameters which were studied in this ex-

periment will be analyzed from the standpoint of the effects

of the inspired gas, the effects of the breathing system and

the effects of the activity level. The results for individual

subjects are presented in Tables IA - 6.

Oxygen Consuiption, Carbon Dioxide Production and Respiratory

Exchange: Tables 4 - 6.

As work load increased, there was a significant (P< 0.01)

linear increase in the subject's utilization of oxygen

(Figure 9). Oxygen consumption during rest and exercise was

increased during sulfur hexafluoride inhalation through the

low resistance system. Mhen nitrogen-oxygen or sulfur hexa-

fluoride-oxygen was breathed through the MARK VIII and'M-ARK X1

UBA, oxygen consumptions during heavy work were significantly

(PO0.01) lower than with the low resistance system. Moreover,

there was a significant (P <0.01) degree of interaction between

the MARK VIII and the activity level in producing this decrease.

With exercise the carbon dioxide production rose dis-

proporti.onately to the oxygen uptake, the mean respiratory ex-

change quotient approaching unity in the heavy work state (Figure 1

Carbon dioxide .production during sulfur hexafluoride inhalation

with the low resistance system and with the underwater breathing
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apparatus was significamtly (P< 0.05) lower than when

Snitrogen-oxygen was breathed .

Pulse Rate:

Tables 4 - 6

Exercise breathing nitrogen-oxygen through the low

resistance system significantly (P< 0.01) increased heart

rate (Figure 11). This increase tended to be linear. Sul-

fur hexafluoride inhalation did not significantly affect

heart rate. During both rest and exercise, heart rate was

higher when the subject was using the MARK VIII and MNA.RK X!

than when he was breathing through the low resistance system.

Those increases caused by using the MARK XI were statistically

significant (P<0.05).

Pulmonary Ventilation and Alveolar Gases:

Tables 4 - 6

One of the most striking findings of this study was

the wide variability in the ventilatory response to exercise.

Subject W. L. respired about 30 L/min while breathing sulfur

hexafluoride through the low resistance system and working

at the heavy work load. Under the same conditions, subject

R. L. breathed 68 L/min.

Exercise while breathing 30% oxygen - balance nitrogen

through the low resistance system increased respiratory

minute volume .frcia an average of 8.78 L/min at rest to 25.57

L/Lnin during moderate work ani to 47.6 L/min during heavy work

(Figure 12). Inhalation of sulfur hexafluoride throiugh the

low resistance system sirjnificantly (P<0.05) diminish-2d

I _______________________
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respiratory minute volume at all activity levels. In the

conditions where nitrogen-oxygen was breathed through the

MARK VIII UBA, respiratory minute. volume was slightly increased

above the low resistance N2 -0 2 control values at rest and

during moderate work, but during heavy work ventilation was

decreased- The combination of SF -O2 with the MARK VIII
6 2

caused a profound hypoventilation during both moderate and

heavy work.

Figure 13 compares the respiratory minute volume of
subjects breathing through the MARK VIII with the RMV of

subjects breathing through the MARK XI with the MARK VI

mouthpiece unit. During nitrogen-oxygen breathing, the

MARK XI with the MARK VI mouthpiece-caused a greater degree

of hypoventilation than did the MARK VIII. The respiratory

minute volumes of subjects breathing sulfur hexafluoride

through the MARK VIII and the MARK XI with the MARK VI.

mouthpiece were essentially the same.
"Figure 14 shows the respiratory minute volume of

subjects breathing through the MARK VIII and the MARK XI with

the Kirby-Morgan mouthpiece unit. With both nitrogen--oxygen

and sulfur hexafluoride mextures, there was essentially no

difference in the respiratory minute volumes of-the subjects

breathing these gases through the MARK VIII or the Nirby-

Morgan component mouthpiece assembly.

The magnitude of respiratory fiequency varied consider-

ah1y from one subject to the next. One subject's resting

02
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respiratory frequency ranged from 2.5 to 5.5 breaths/min.

During exercise at the heavy work rate, it increased to 9.5

to 15 breaths/minute. Another subject's frequency of breathing

was between 10 - 15 breaths/minute at rest, and 29 - 34

breaths/minute at heavy work. As respiratory impedance was

increased though, all the subjects'had progressively lower

respiratory frequencies and generally larger tidal volumes.

Both the nature of the breathing medium and the nature

of the breathing equipment affected the respiratory pattern.

Respiratory'frequency rose significantly (P <0.01) with exer-

cise (Figure 15). Inhalation of sulfur hexafluoride through

the low resistance system decreased respiratory frequency both

at rest and during exercise.

Breathing through the MAIRK VIII and MARK XI significantly

(P <0.05) lowered the frequency of breathing. The most marked

falls in respiratory frequency occurred when sulfur hexaflproide

was breathed through the UBA. In this condition there was a

signficant (P<(0.05) degree of interaction between the work

level and the gas and between the work level and UBA in causing

this decrease.

Added resistance to breathing resulted in an increased

time for inspiration and expiration (Figures 16-,17). The

increase was greatest for expiration, especially at rest and

during moderate work. Inhalation of sulfur hexafluoride

through the MARK VIII lengthened each phase of respiration by

the greatest amount.

0



Q Like respiratory frequency, tidal volume (Figure 18)

significantly (P<0.01) increased with exercise. Inhala-

tion of sulfur hexafluoride through the low resistance

system caused a slight increase in tidal volume during

exercise. The largest increases in-tidal volume were found

in the condition where the subjects were breathing nitrogen-

oxygen through the MARK VIII and the MARK XI. When, how-

ever, sulfur hexafluoride was respired through these apparatus,

both at rept and during exercise, tidal volume was diminished

to a level below that of the N2-O2 situation with the

equipment.

Measured alveolar carbon dioxide tension (Figure 19)

rose slightly during moderate exercise while breathing

N2 -0 2 through the low resistance system. During heavy work

it returned to about resting levels. During inhalation of

sulfur hexafluoride with this breathing system, the alveolar

carbon dioxide tensions at rest and during moderate work

were at the nitrogen-oxygen values. During heavy work, though,

measured PA rose to 41.9 mm Hg.
Co2

During inhalation of nitrogen-oxygen through the

MARK VIII, alveolar carbon dioxide tension at rest was

close to the control value. During moderate work PA signi-
,CO2

ficantly (P <0.05) rose to 43.2 mm l.g and during heavy work

to 43.6 mm Hg.' Performance of exercise and the usc of the

MARK VIII were found to significantly interact in producing

02
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Qf these increases. Breathing dense gas through the MARK VIII

produced a marked degree of carbon dioxide retention. Resting

alveolar carbon dioxide tension was 40.1 mm Hg and with

moderate work it rose to 45.7 mm Hg; during heavy work mean

measured P was 48.6 num Ng.Aco2
Inhalation of N2 -02 with the MARK XI with both the

MARK VI mouthpiece and with the Kirby-Morgan component

mouthpiece caused a greater amount of carbon dioxide reten-

tion than was present with the MAIRK VIII, (Figures 20-21).

However, when the sulfur hexafluoride was breathed through

the two MARK XI arrangements, the measured alveolar carbon

dioxide tensions were no higher than for the MARK VIII.

The measured and calculated alveolar carbon dioxide

tensions were quantitatively very close for a given activity

level in the low resistance breathing system regardless of

whether nitrogen-oxygen or sulfur hexafluoride - oxygen

mixtures were breathed. However, when the subjects breathed

through the MARK VIII and MARK XI, the calculated alveolar

.carbon dioxide tensions were consistently lower than the

measured values.

/ 'N K....)
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C) TOTAL INTRINSIC RESPIRATORY WORK

Figures 22 through 25 illustrate the intrinsic

respiratory work required to breath nitrogen-oxygen through

the low resistance system and through the underwater breath-

ing apparatus. Figures 26 through 29 depict the intrinsic

respiratory work of subjects breathing SF 6 -0 2 through these

systems. Exercise caused a Significant (P< 0.01) increase

in the intrinsic respiratory work for all experimental

situations.

The work of breathing nitrogen-oxygen was least with

the low resistance breathing system. Breathing nitrogen-

oxygen through the UBAsincreased intrinsic respiratory work.

The least increase in intrinsic work of breathing occurred

using the MARY XI with the MARK VI mouthpiece unit; the

largest increase was present breathing with the MARK VIII;

The intrinsic work of breathing N2 -0 2 through the MARK XI

with the Kirby-Morgan component mouthpiece assembly was less

than that required for the MARK VIII but more than that

required for the MARK XI - MARK VI mouthpiece combination.

Up to respiratory minute volumes of 40 L/min, the difference

in total intrinsic work of breathing with the low resistance

system and with the UBAs was within 2 Kg-M/min. Above

40 L/hiin, the intrinsic work of breathing through the MARK VII1

increased at a greater rate than that of the other breathing

systems. The intrinsic work of broathing through the PARK XI

0)
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UBA mouthpiece combinations increased linearly as ventila-

tion increased.

When sulfoir hexafhl-n'--3 was inhaled through a given

breat'iswg system, intrinsic respiratory work war greater

than for ti.e comparable nitrogen-oxygen condition.

During SF 6 -0 2 breathing intrinsic respiratory work was

:ist, u,.ing the low resistance breathing system. At low

respiratory minute volumes breathing through the MARK XI

with the ,Xirbý--iorgan component mouthpiece required the

greatest amount of intrinsic respiratory work. The MARK XI

with the MARK VI mouthpiece required slightly less, and

the MARK VIII the least. However, at ventilations above

32 L/min, the intrinsic work of breathing with the Mk(RK

VIII was greater thnr. for the Z.MARI XI combinations.

Elastic Work:

Figures 30 witd 31 illustrate the changes in the

elastic tc-Mponent of intrinsic respiratory work of subjects

breathing nitrojen-oxygen and sulfur hexafluoride-oxygen

mixtures through the low resistance system and with

the UDAs. In all the experimental conditions exercise

(which increased respiratory minute volume) c~auscd a

significant (P<O.O1) increase in the elastic co;e:t

of work o. breathing. When sulfur hexafluorid-o.ox-fen

was respired lhrou,%h the .MAPR V111 UbA, there factursi

II
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0 significantly (P<0.05) interacted to further increase

elastic work of kreathing. The elastic component of work

of breathing was least increased during use of the low

resistance system. The elastic work of breathing nitrogen-

oxygen through the UBAs was quantitatively similar for all

ventilations. When SF 6 -0 2 was respired through the low

resistance system, elastic work of breathing was slightly

greater than for N2 -0 2 breathing with this system. Similarly,

elastic work of breathing SF 6 -0 2 through the UBAs was

slightly greater than when N2-O' was respired through these

systems.

Flow Resistive Work:

The work required to overcome intrinsic respiratory

flow resistance while breathing nitrogen-oxygen and sulfur

hexafluoride-oxygen through the low and high impedance

systems is shown in Figures 32 and 33. Flow resistive work was

significantly (P(0.01) increased by exercise (i. e. increased

ventilation) with all breathing systems. When nitrogen-

oxygen was breathed at low and moderate ventilations, there

was little difference in flow resistive work between the

low resistance system and the UBAs. At higher ventilations,

flow resistive work was less with the MARK XI with the Kirby-

* ,Morgan component mouthpiece than with the low resistance

system and other UBA conditions.

StO
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Q When sulfur hexafluoride-oxyqen was. breathed at low

and moderate respiratory minute volumes, the flow resistive

component of work of breathing was quantitatively very close

to that for nitrogen-oxygen breathing. At high ventilations,

the flow resistive component of work of breathing was appre-

ciably increased by breathing dense gas. At high ventilations,

flow resistive work was least when the subjects were respir-

ing through the MARK XI UBA combinations, and greatest when

they were breathing through the low resistance system.

Negative Work:

Figures 34 and 35 show the changes in negative respira-

tory work while breathing N2-0 2 and SF 6 -0 2 mixtures through

the low impedance system and through the UBAs. When nitrogen-

oxygen was breathed at low ventilations, negative work of

breathing was essentially the same with all the breathing

systemsA Exercise (i.e. increasing RMV) significantly

(P <0.01) increased negative work, and at moderate and high

ventilations, negative workwas substantially different

between the various breathing systems. The least expenditure

of negative work was required with the low resistance System.

The greatest expenditure of negative work occurred while

breathing through the MARK VIII at high ventilations, and

the negative work of breathing nitrogen-oxygen through the

MARK XI UBA combinations fell between that required for the

other systems.

0
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At low ventilations breathing sulfur hexafluoride-

Soxygen , the expenditures of negative respiratory work with

the low resistance system and with the UBAs were quantita-

tively similar. Negative work was greatest at moderate

* , ventilations when the subjects were breathing with the MARK

XI combinations. At high ventilations, breathing a dense

"gas significantly (P< 0.05) diminished negative work. At

these ventilations using the MARK XI UBA, negative work

decreased, whereas with the low resistance system and the

VMRK VILII it rose, but remained at levels well below those

found for N2 -0 2 breathing.

TOTAL EXTRINSIC RESPIRATORY WORK

The total extrinsic respiratory work required to

breath niLrogen-oxygen through the di£ferenL bretidni

systems is illustrated in Figure 36. The greatest amount-

of external respiratory work was expended breathing with the

MARK XI with the MARK VI mouthpiece, the next greatest with

the MARK VIII and the least with the MARK XI with the Kirby-

Morgan component mouthpiece. There was relatively little

difference between the UBAs in the external respiratory work

rate up to 35 L/min. At respiratory minute volumes above

this level, there was an increasing disparity between the

various UBA conditions.

The only difference between the MARK XI UBAs in this

study was in the mouthpiece assemblies which were used. It

0),
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was assumed that the difference in extrinsic respiratory

work rate between the two MARK XI conditions was due to the

MARK VI mouthpiece. Based on this assumption, the differ-

ence in extrinsic respiratory work with the MARK XI combina-

tions was measured at different ventilations and this differ-

ence subtracted from the work-ventilation curve for the

MARK VIII. The resultant values were plotted to construct

a theoretical curve for a combination of the MARK VIII with

the Kirby-Morgan component mouthpiece. This curve shows that

extrinsic respiratory work rate would be less with this

combination, than with the other UBA combinations which were

studied.

Breathing sulfur hexafluoride-oxygen mixtures increased

total external respiratory work rate in all conditions above

that present for nitrogen--oxygen breathing (Figure 36).

The curves for the different breathing systems showed the

same relationship to each other with SF6 -0 2 breathing as was

present with N -O. At ventilations above 30 L/min with
2 2

SF 6 -0 2 , there was a greater difference between the extrinsic

respiratory work rates for the MARK VIII and the MARK XI

combinations than with N2 -0 2 . Again, a theoretical curve for

the MARK VIII with the Kirby-Morgan component mouthpiece was

plotted. The result was similar to that found for nitrogen-

oxygen mixtures.

The relationship between external respiratory work

as a percentage of total (intrinsic plus extrinsic) respiratory©0

K.
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work and between ventilation when respiring N2-0 with

the different breathing systems is shown in Figure 37.

The percentage of total respiratory work attributable to

extrinsic resistance remains stable for all conditions with

the exception of the -MARK XI with the MARK VI mouthpiece.

With this apparatus, the extrinsic work percentage rose from

20% at a resting ventilation of 8 L!min to 50% at 49 L/min.

This is about 20% greater than found with the MARK VIII or

MARK XI with the Kirby-Morgan component mouthpiece. With

SF 6 -0 2 breathing, the percentage of total respiratory work.

due to extrinsic work, increased with all breathing systems,

including the low resistance system. The greatest increase

in extrinsic work percentage was again found with the MARK XI

with the MARK VI mouthpiece (Figure 38).

The average levels of extrinsic respiratory work for

the different experimental situations are summarized In

Tables 7 and 8 along with the average levels for intrinsic

and total respiratory work.

Work Against Mouthpiece Assembliest

The rate at which work was done to compensate for

the resistance of the MARK VI and the Kirby-Morgan component

mouthpieces was plotted against the respiratory minute volume

(Figure 39). When N2 -0 2 gas mixtures were resnired, the

impedance of both mouthpieces increased as the respiratt ry

minute volume increased. The work done while breathing with

0. "
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the MARK VI mouthpiece was approximately.twice that required

to breath with the Kirby-Morgan component mouthpiece. As

respiratory minute volume increased, overcoming mouthpiece

resistance required a greater fraction of the total extrinsic

respiratory work load. When the work against the mouthpieces

is expressed as percent of the total extrinsic respiratory

work, the MARK VI mouthpiece accounted for 20-90% of the total

extrinsic work, while the Kirby-Morgan mouthpiece accounted

for 16 - 50% of the total extrinsic work (Table 9).

When SF6 -0 2 gas mixtures were breathed, there was a

much greater inoareaso in. impedance with increasing- minute

volumes than with the N2-02 gas mixtures. The MARK VI

mouthpiece contributed greater resistance than did the Kirby-

Morgan. The fraction of the total extrinsic work was 3 0 --
80% for the I4AR VI and 30 - 60% for the Kirby-Morgan (Table 9).

Work Against Carbon Dioxide Absorbent Cannisters:

The resistance imposed by the carbon dioxide absorbent

Scannister was of small consequence when compared to the

resistance imposed by the other components. The flat-can type

* cannister used in the MARK VIII assembly accounted for 3 -

6% of the total extrinsic respiratory work with N2-O2 gas

Smixtures; the cylindrical cannister of the MARK XI assembly

* accounted for 2 - 4% of the total work. With SF 6-O2 gas
2

mixtures, the work done on the carbon dioxide absorbent

cannister of the MARK VIII increased to account for 3 - 8%

of the total work load. The MARK XI cannister accountcd for

¼'1
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the MARK VIII cannister imposed a slightly greater resis-

tance than did the MARK XI cannister (Table 9).

Work Against Pop-off Valves:

The work flow characteristics of the MAR( VIIT and

MARK XI pop-off valves are presented in Figure 40. In tests

using N2 -0 2 , the pop-off valve of the MARK XI accounted for

greater work rates than did the pop-off valve of the NARX VIII.

A similar relationship existed between the two pop-off valves

while using SF6-O2 gas mixtures but work rates were larger.
6 2*

Wasted Work:

Wasted work (or negative work) was greater with the

MARK VIII UBA. The amount of wasted work ranged from 30 -S%

of the total extrinsic respiratory work expended with the

MARK VIII and 30 - 80% of the total work with the MARK XI

combinations when N2-02 was respired. With S 6-O2 mixtures,

the MARK VIII wasted work ranged from 4 - 40% and the IMARK XI

13 - 45%. The greatest quantity of work was lost at low ilow

rates in both UBAs (Table 9).

Work Against All Components Exc4,pt Mouthpiece:

The sum of the work loads imposed by the various compo-

nents (excluding mouthpieces) of each apparatus is comparo.

to one another in Figure 41. The sum of the component work

rates of the MARK XL wes greater than tiat of the MAR(K VIII
O ~witli ",-O, or S~-2ga3 n;iXtures.

w~t~ C~ : 6~ C~a

¢.1
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O TOTAL RESPIRATORY WORK

The total (intrinsic plus extrinsic) respiratory work

expended breathing nitrogen-oxygen with the different

breathing systems is plotted in Figure 42 against ventilation.

Up to ventilations of 32 L/min, the total work required for

the different UBAs was for practical purposes, equal and

Showed a linear increase. At higher ventilations, the work

levels for both MARK XI combinations continued to be equal

but the total work with the MARK VIII increased more rapidly.

At all ventilations the total respiratory work when

SF6 -0 2 was breathed was greatest with the MARK XI UBA with

the MARK VI mouthpiece (Figure 43). At resting and moderate

respiratory minute volumes, the expenditure of respiratory

work was least with the MARK VIII. At ventilations over

28 L/min, the MARK XI with the Kirby-Morgan component mouth-

piece required the least intrinsic and extrinsic work. A

theoretical curve for the total respiratory work of the

combination of the MARK VIII with the Kirby-Morgan component

mouthpiece is plotted against ventilation in Figure 43.

The plot shows that total respiratory work breathing sulfur

hexafluoride-oxygen through this UBA combination is only

slightly greater than that of the low resistance system.

I in
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DISCUSSION

SUBJECTIVE EFFECTS:

The subjective effects induced by breathing 70% sulfur

hexafluoride closely mimic the introspective responses which

occur while breathing 30% nitrous oxide and while breathing

air at pressures of 8-10 atmospheres.

The marked variation in the sensitivity of different

subjects to sulfur hexafluoride narcosis was impressive. Such

variation has beien previously reported with nitrous oxide

narcosis (24). Wide variation in the susceptibility to

nitrogen narcosis has often been noted (8). Sensations of

drunkenness, euphoria, lightheadedness, and paresthesias of

the extremities have repeatedly been reported in subjects

narcotized wits N2 0 (9) and in divers who are narcotized while

breathing compressed air. at h-igh pressures,

Case and Haldane (15) Xeported development of some degree

of tolezance to the effects of nitrogen narcosis. Bradley (9)

found that tolerance developed to the effects of nitrous oxide

narcosis. The mechanism by which this tolerance to narcosis

is attained has yet to be determined.

The subjective evaluations of the MAPRI VII'and the MARK XI

combinations were that the breathing resistance with dense

gas was too severe during heavy work. One subject succinctly

stated: "No one would or could work that hard in the water

with any of this gear." The MLARK XI with the Kirby-Morgan0©

I
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was adjudged the best of the three UBAs, but this evaluation

is not particularly confirmed by objective measurements.

This study once again points ot't the limitation of sub-

jective evaluation of the breathing resistance in underwater

breathing equipment. The subjects who participated in the

complete series of studies had progressively fewer complaints

about breathing resistance with each succeeding experiment.

It appears that a training factor to resistive breathing was

present and this diminishes the reliability of subjective

evaluation. This phenomenon has previously been reported by

Silverman (57). It is especially noteworthy in our study

because two of the three subjects were experienced divers

and presumably accustomed to breathing with high resistance

diving equipme it.

PULSE RATE:

The cardiac rates of our subjects were increased when

they breathed with the underwater breathing apparatus. This

agrees with previous findings for resistive (11, 58) and

positive pressure (21) breathing.

Cardiac output is reduced by resistive (13) and positive

pressure (21) breathing. This reduction in carliac output is

an effect of the increased intr3thcracic pressure and decreased

venous return to the right atrium. The tachycardia that occurs

probably results from the reduction in effective filling pres-

sure of the right side of the heart and from activation of

_ _ _ _.
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carotid baroreceptors.

OXYGEN CONSUMPTION, CARBON DIOXIDE PRODUCTION AND RESPIRATORY
EXCHANGE QUOTIENT:

The data obtained during exercise breathing nitrogen-

oxygen through the low resistance system demonstrates the

familiar thermodynamic relationship of whole body oxygen

consumption to work load. The similar concurrent changes in

carbon dioxide production'and respiratory exchange quotient

are well described (4) and warrant no comment.

Breathing sulfur hexafluoride-oxygen through the low

resistance system, the subjects consumed significantly ldrger

amounts of oxygen than when breathing nitrogen-oxygen.

Moreover, when SF 6 -0 2 was respired through both the low

resistance system and through the UBAs, carbon dioxide pro-

duction was significantly decreased.

The increase in oxygen consumption may be due to the

greater cost of breathing a dense gas. Glauser, et. a!. (25)

found that the oxygen cost of breathing 36 L/min of a SF6

mixture, 4.1 times as dense as air at sea level, was increased

5 cc/L/min. In our study the oxygen cost of breathing

25 L/min of a sulfur hexafluoride-oxygen mixture, 3.9 times

as dense as sea level air, was increased 5.4 cc/L/min. At

a ventilation of 43 L/min, oxygen consumption was increased

5.6 cc/L/min.

In studies conducted at high pressures of helium-

oxygen, tho oxygen consumption of resting and exercising

SAh-
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subjects has been found to be increased (10, 28, 55). This

increase in oxygen utilization has been attributed to the

increased work of breathing a dense breathing mixture and to

changes in thermal balance. Bradley, et. al (10) studied

the oxygen uptake of subjects who were respiring 57 L/min

of a He-0 2 mixture which was 3.7 times the density of sea

level air. The oxygen cost of breathing of these subjects

was increased 4.9 cc/L/min. Subjects breathing 30 L/min of

.. helium-oxygen at 1000 feet of sea water (a density increase

of 4.8 times that of air at sea level) had increases in the

oxygen cost of respiration of 4.7 cc/L/min (55). The

increases in oxygen consumption of our subjects breathing

70% SF 6 through a low resistance system are quantitatively in

agreement with the findings of Glauser *(25) for SF6 , and

with the results of others (10, 55) for helium-oxygen mixtures

of equivalent density.

Metabolic derangements induced by breathing SF6 could

account for the increased oxygen uptake and concurrent

diminished carbon dioxide output. The narcosis induced by

sulfur hexafluoride-oxygen inhalation suggests that SF6 may

possess properties similar to those of other inert gases with

narcotic properties. An extensive review of the physiochemical

and pharmacologic properties of the noble gases was made by

Featherstone and Muehlenbacher (22). In some studies which K

they cited, noble'gases such as xenon did not affect cellular

respiration and oxidative phosphorylation. In other studies

o4 P
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they state that cellular oyygen consumption was increased

and anaerobic glycolysis decreased in the presence of these

gases. This latter study suggests that the inert gas acted

as an uncoupler of oxidative phosphorylation. This process

characteristically increases cellular oxygen uptake and

decreases the usage of terminal phosphate acceptors (glucose

plus hexokinase). With a decrease in anaerobic input into

the Krebs-Cycle, the cellular respiratory chain would have

to depend on other substrates, and there would possibly be a

decrease in carbon dioxide production.

The most plausible explanation for the increase in

oxygen uptake of subjects breathing SF 6 is simply that work

of breathing is greater. However, in light of the diminished

carbon dioxide production of subjects breathing SF 6 , an effect

by sulfur hexafluoride upon oxidative metabolism cannot be

ruled out, and further study will be required.

The oxygen consumption of our subjects breathing with

the UBAs was consistently decreased during heavy work. Decreases

in the oxygen consumption of subjects who are breathing against

added rosistance during he'avy work have been previously

reported (20, 57, 58, 59).

That oxygen consumption can be decreased by breathing

against externally imposed resistance and increased by

breathing a dense gas poses an apparant paradox. In both

situations, it appears that the only factor involved is one

of greater work of breathing. However, there seem to be two

NMI,
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0 factors which determine whether oxygen consumption is reduced

or elevated in resistive breathing. The first determinant

is work level; the secord is the arrangement and amount of

added resistance against which the subject is breathing.

Subjects appear ts) increase their oxygen uptake to

compensate for the increased metabolic work of breathing

against high resistance at rest (13), against moderate

resistance during moderate work (57), and against low

resistance during heavy work. If inspiratory resistance is

appreciably greater than expiratory, but the combined

resistance not too great, this phenomenon is particularly

apparent (57).

Table 10 shows the flow resistance to inspiration and to

expiration with the different gases and breathing systems

employed in the present study. These resistances were

obtained at flow rates of 85 L/min according. to the method

of Silverman (57). It is obvious that when sulfur hexafluoride

was respired through the low resistance system, inspiratory

"and expiratory resistances were about equal and the combined

degree of extrinsic zesistance was relatively low. In this

condition the subjects.increased their oxygen uptake above

the control values.

O
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GAS SYSTEM INSPIRATION EXPIRATION
_ _ _ H2O0 mm HO

N2 -0 2  LR 4 2

SF 6 -O 2  LR 20 17

N2-02 MARK VIII 45 65

SF 6 -O 2  MARK VIII 72 100

N2-02 MARK XI-MK VI 34 100

SP6-02  MARK XI-MK VI 63 120

N2-0 2  MARK XI-KM 15 90

SF 6 -O 2  MARK XI-KM 35 105

TABLE 10. Resistance to Inspiration and to Expiration of

N -0 and SF 6 -O2 at a Flow Rate of 85 L/min,

through the low resistance system, through the

MARK VIII and through the MARK XI with the

MARK VI mouthpiece and with the Kirby-Morgan

component mouthpiece.

A
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There is a marked increase in breathing system resis-

* 0 tance between' the low resistance/SF condition and the
6

UBA/N2 -O2 condition. Most of the increase is on the expira-

tory side. When expiratory resistance is considerably greater

than inspiratory, and when there is a considerable amount of

resistance to both inspiration and expiration, oxygen uptake

during heavy work is lower than control values (58). Thus

the results of our study.are in agreement with Silverman (58)

and others (11, 59).

Most investigators have considered that this reduction

in oxygen utilization represents the contracture of an oxygen

debt (18, 20, 57). Tabakin (59) hypothesized that the reduc-

tion in oxygen uptake during resistance breathing results from

an acute reduction in pulmonary blood flow. This reduction

in pulmonary ilood flow would be a result of the increased

intrathoracic pressure which was impairing pulmonary capillary

blood flow and impairing oxygen transfer.

That our findings of reduced oxygen uptake during heavy

work breathing through the UBAs results from spurious data

cannot altogether be discounted. The small size of the sample

group could be responsible. The possibility of a systematic

error in the design or conduct of the experiment also cannot

be completely ruled out. Failure to accurately reset the

bicycle ergometer at the same work level could occur, but

it is improbable that an error of this sort would be systematic.

VQ
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low%.Failure to obtain representative samples of inspired

and/or mixed expired gas could result in erroneously low

values for oxygen consumption. A potential source of
error in this study was the gas collection technique which
was employed with the UBAs. Of necessity the breathing bags

of the underwater breathing apparatus were used as mixing

* "chambers. The volume of each bag was about 4 liters; most

mixing chambers have volumes of 8 - 10 liters. Thus, there

may not have been adequate hemogenization of the expired dead

space gas with alveolar gas in the exhalation bag, and of

the injected gas with the CO, scrubbed gas in the inhalation
2

bag. We utilized the greater than ambient intra-bag pressure

to drive the gas sample from the breathing bag into the sample

bags. Gas flow into the sample bag was continuous, monitored

by flow-meters and regulated by valves. Flow into both sample

bags was appreciably greater when the subject exhaled, increas-

ing the pressure within the underwater breathing apparatus.

The cyclic nature of this sampling method together with incomplete

mixing of inspired or expired gas could, therefore, provide

unrepresentative gas samples.

That the gas collection method used with the UBA's was

inadequate is considered unlikely. In prelimfnary studies,

the oxygen and carbon dioxide content of both breathing bags

was continuously monitored with fast-response paramagnetic

oxygen and infra-red CO2 analyzers. Once a steady-state had

f.... , : •
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been achieved, there was minimal moment-to-moment fluctuation

in readings. Moreover, it is difficult to explain why the

UBA gas collection method should be inadequate during heavy

work, and yet apparently adequate during rest and moderate

work where no consistent changes in oxygen consumption were

observed.

Therefore, it would seem that there is a level of added

resistance, particularly if imposed on expiration which

during heavy work causes oxygen uptake to be less than normal.

Because of this situation, assessment of the respiratory

system by measurement of the change in oxygen consumption is

not valid. This reduced oxygen consumption probably indicates

that an oxygen debt is being contracted. Subjects who use

the MARK VIII and the MARK XI combinations during heavy work

have marked reductions in oxygen uptake and presumably incur

large oxygen debts. Measurements of lactic and pyruvic acid

and of recovery oxygen consumptions of subjects using under-

water breathing apparatus during hard work will be required

to delineate the nature and extent of this oxygen deficit.

0
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PULMONARY VENT.ILATION AND ALVEOLAR GASES

It is well recognized that within the diver population

there exists wide variation in the ventilatory response

to exercise. That some divers hypoventilate and retain carbon

* •dioxide during exertion has been reported by Lanphier (39) and

other investigators (26). Why these divers' ventilatory

response to exertion is inadequate, whereas others' is normal

is simply not clear at this time.

Many divers have been shown to be markedly insensitive

to hypercapnia and acid products of metabolism as stimuli to

respiration (38, 54). Some investigators have considered this

phenomenon to represent an adaptive response to the conditions

of diving and to oe responsible for the hypoventilation and

carbon dioxide retention of divers during exercise (54). An

imperfect correlation has been made between length of diving

experience and carbon dioxide retention during work (3b).

The imperfectness of this correlation is demonstrated in our

study. Subject W. L. with 13 years of diving experience,

markedly hypoventilated during exercise. R. L. wfth no diving

experience tended to retain carbon dioxide during exertion.

R. V., with 10 years of diving experience, often hyperventilated.

In divers whose ventilatory response to exercise is

Inadequate, breathing dense gas such as air at Increasing

depths markedly worsens the degree of hypoventilation and carbon

dioxide retention (39). In other more normal subjects,

breathing air (35) and helium-oxygcn mixtures (28) at depth

0I
__________________________1
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have been reported to produce lesser degrees of hypoventila-

tion and CO2 retent.ion. Inspired oxygen tension, narcotic

depression cf respiratory centers and increased work of

breathing are factors that have been implicated to account

for this phenomeion (35, 39).

Elevations in inspired oxygen tension have been shown to

increase alveolar ventilation at rest (30), but to cause

hypoventilation during exercise-(36, 53). In our study where

inspired oxygena tension was kept constant the changes in venti-

lation which we ob,°erved cannot be explained on this basis.

Hypoventilation and carbon dioxide retention occurred when

sulfur hexafluoride-oxygen was breathed through the low

resistance system during heavy work. Both at rest and during

exercise, there were marked reductions in ventilation and rises

in alveolar carbon dioxide tension when SF 6 was respired

through the UBA's. Sulfur hexafluoride possesses narcotic

properties .nd depression of respiratory centers which would account

for this 'ypoventilation. However, Glauser (25) has shown that

the minute volume of subjects breathing 7% carbon dioxide in a

73% sulfur hexafluoride - 20% oxygen mixture was the same as

when thiey breathed 7% CO2 in air. This implies that sulfur

hexafluoride does not depress respiratory centers through any

narcotic action.

Numerous studies have shown that increased work of

breathing causes hypoventilation ard carbon dioi:ide retention

(13, 20, 570 58, 59). In our study, work of breathing was

S.-A
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increased by respiring dense gas and by breathing against

imposed external resistance. Each of these factors by itself

caused hypoventilation and carbon dioxide retention during

exercise. When these factors were combined and work of

breathing was greatest, hypoventilation and carbon dioxide

retention was most pronounced. Thus our subjects apparently

chose to tolerate hypercapnia rather than expend the effort

required to increase ventilation and maintain alveolar carbon

dioxide tension at normal levels (13).

Indirect calculation of alveolar carbon dioxide tension

has been shown to give more accurate values than those obtained

by end-tidal sampling during exercise (4). In the present study,

this situation is not valid. First of all, as was discussed

in the Method and Materiels Section, we did not measure the

actual end-tidal carbon dioxide tension. Secondly, in the

conditions where our subjects were breathing with the under-

water breathing apparatus, the magnitude of physiological dead

space was probably larger than was assumed for purpose of the

calculations. This underestimation of dead space is thought

to account for the discrepancy between the direct measurements

and the lower calculated values for PA • Increases in
CO2

physiological dead space could be expected to result from

positive pressure breathing (21), breathing dense gas (40)

and breathing igainst externally imposed resistance.

As resistance to breathing was increased the hypoventila-

tion and hypercapnia thzt occurred was accompanied by a progres-

sive fall in respiratory frequency and generally an increase in
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tidal /olume. A breathing pattern of lower respiratory

frequency and larger tidal volumes occurs while breathing

dense gas (9, 30, 35, 53) and while breathing against

externally imposed resistance (13, 57). It is teleologically

satisfying to think that the observed changes in respiratory

pattern represent an adaptive mechanism to minimize work of

"breathing (48). It is difficult though to postulate a

physiological process for implementing this mechanism, and

the apparent adherence to this principle may be somewhat

coincidental. If minimization of work of breathing was the

sole determinant of the magnitude of respiratory frequency and

tidal volume, then the lowest frequency of breathing and largest

tidal volumes should occur when flow resistance is greatest.

In our study, flow resistivework was greatest when the subject

respired dense gas through the UBA's. Respiratory frequency

was lowest in this condition, but but tidal voliunes were not

much larger than in the low resistance/N2 -0 2 control condition.

When subjects breathe against imposed resistance in

combination, both the inspiratory and expiratory phases of

respiration are prolonged (13, 58, 66). The greater the amount

of imposed resistance, the longer the prolongation. Positive

pressure breathing also prolongs the period required to complete

expiration (21). In our study, the time required to complete

each respiratory phase was progressively lengthened as resist-

ance increased. In large part it appears that the progressive

decreases in respiratory frequency in our study simply reflect

............ . .
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the greater time required for each inspiration and expiration

to be completed.

The fall in tidal volumes which we observed when subjects

breathed sulfur hexafluoride through the UBA's is probably

in' large part a result of an increase in expiratory reserve

volume. Expiratory reserve volume is increased during posi-

tive pressure (21) breathing and when subjects are breathing

against imposed resistance (13, 66). The subjects in the

present study were breathing at high volumes when they

respired through the UBA's, and a further increase in expiratory

reserve volume may result from the addition of dense gas.

Presumably in this situation, the magnitude that tidal volume

can increase is limited by the remaining inspiratory reserve

volume.

TOTAL INTRINSIC RESPIRATORY WORK

Total intrinsic respiratory work is comprised of

several separate, but interacting components. The changes

in these components will not be discussed separately, but

as they affect the total intrinsic respiratory work at

different minute ventilations.

The increase in intrinsic respiratory mechanical work

as ventilation increased breathing N2 -0 2 through the low

resistance system are comparable to increases previously

reported by Milic-Emili, et. al. (44). Elastic and flow

resistive work in this condition show a curvilinear response

with increased ventilation. This is a result of the larger

4,ý
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tidal volumes and greater flow rates during exercise.

Negative work increases, but the rate of increase lessens

as ventilation rises, indicating that more of the work

stored'during inspiration is utilized during expiration.

When nitrogen-oxygen is breathed through the MARK VIII,

intrinsic respiratory mechanical work again shows a curvi-

linear response as respiratory minute volume rises. Respira-

tory mechanical work is greater than in the low resistance

N2 -02 condition. This is primarily a result of an increase

in the elastic work component, and to a lesser extent an

increase in negative work. These increases in elastic work

were primarily a function of the larger tidal volumes during

nitrogen-oxgyen breathing through the MARK VIII. An additional

factor which is presumably increasing elastic work is related

to the increases in expiratory reserve volume which occur with

positive pressure (21) and resistive breathing (13, 66).

As resting lung volumes are shifted to higher levels, compli-

ance is decreased and the elastic work is increased. The

work expended in overcoming the non-elastic resistance of

the lungs and in moving gas in the airways while breathing

nitrogen-oxygen with the MARK VIII was the same as in the

control condition. This indicates that flow resistance was

not appreciably diminished by any increase in airway diameter

resulting from the combination of positive pressure and

resistive breathing.

The linear response of intrinsic respiratory mechanical

Q work with increasing vontilation while breathing nitrogen-

Q .
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oxygen through the MARK XI combinations is best explained

by analyzing the various component responses. Elastic work

increased to the same extent, and presumably for the same

reasons that it increased with the MARK VIII. There was

little difference in the amount of flow resistive work with

the MARK XI combinations at low and moderate ventilations

compared to the MARK VIII.

At' high ventilations, the work expended in overcoming

flow resistance with the MARK XI was less than with the

MARK VIII. The reason for this decrease is not altogether

clear. However, the subjects who used the MARK XI complained

that expiratory resistance was greater than with the MARK VIII.

Table 10 substantiates this complaint. Additionally, there is

reason to believe that the dynamic characteristics of the

MARK XI pop-off valve differ from those of the MARK VIII, and

the amount of positive pressure breathing with the MARK XI was

somewhat greater than with the MARK VIII. This combination

of increased expiratory resistance and of increased positive

pressure breathing would tend to produce a greater degree of

lung distention. The consequence would be to increase airway

diameter and diminish intrinsic flow resistive work.

Negative work breathing with the MAK XI wat less at

high ventilations than with the MARK VIII. This indicates

that more of the potential energy obtained during inspiration

was utilized in expiration. This lessening of both flow

resistance and negative work at ventilations above 25 L/rin

Q offsets the increased elastic work. The result is then a linear

A. -. Z
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increase in intrinsic respiratory mechanical work in this

condition.

When sulfur hexafluoride-oxygen was breathed through

the low resistance system, intrinsic respiratory mechanical

work increased curvilinearly as minute ventilation rose.

Mechanical work of breathing in this condition was greater

than when nitrogen-oxygen was breathed. Elastic work was more

than during N2 -0 2 breathing, because of the larger tidal volumes

in this condition. Flow resistive work was increased as one

would expect when a dense gas is respired. Negative work

decreased, reflecting greater utilization of stored elastic

energy to expire the sulfur hexafluoride.

Mechanical respiratory work while breathing SF6 -P 2 throuolh

the MARK VIII was slightly greater than in the low resistance

SF 6 -0 2 condition. Greater amounts of elastic and negative

work contributed to this increase. Presumably the increases

in these components were a result of the same alterations,

that occurred when nitrogen-oxygen was breathed with this under-

water breathing apparatus. Flow resistive work was slightly

less than in the low resistance SF 6 -0 2 condition. This most

likely results from an increase in airway diameter produced

by breathing at high lung volumes.

When sulfur hoxafluoride-oxygen was respired through the
I.IN.

MARK XI combinations, the response of mechanical work of

breathing to increasing ventilation was qualitatively similar

to the nitrogen-oxygen condiLions with this equipment. Appar-

ently, tho same factors were operative during sulfur

sono
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hexafluoride-oxygen breathing as with nitrogen-oxygen, and

as such, warrant no additional comment.

EXTRINSIC RESPIRATORY WORK

The breathing equipment which required the greatest

expenditure of external respiratory work with both nitrogen-

oxygen and sulfur hexafluoride-oxygen was the MARK XI with

the MARK VI mouthpiece. The MARK VIII required only slightly

less work.

With nitrogen-oxygen mixtures at sea level, both the

MARK VIII and MARK XI combinations are acceptable by Cooper's

criteria (19) for extrinsic respiratory work up to ventilations

of 50/60 L/min. Breathing a dense gas, equivalent in density

to helium-oxygen at 650 feet of sea water, drastically reduces

*the acceptability of this equipment. The curves for the

MARK VIII and MARK XI with the MARK VI mouthpiece indicate

that the maximum ventilation attainable by a diver using this

equipment to breath a gas which is four times as dense as

sea level air is about 45 L/min. At this point, large increases,

in external respiratory work rate will theoretically produce only

small increases in ventilation. It is interesting that this

point coincides with Silverman's (57) standard .for the maximum

permissible external respiratory work rate for this ventilaticn.

If Cooper's criteria (19) for maximum external respiratory

work are applied, neither the MARK VIII nor the MARX XI com-

binations would be considered satisfactory at respiratory minute

voluies of 40 L/min. The comubination of the MARK VIII with

0 the Kirby-Morgan component roouthpiece would theoreticrlly
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extend acceptability to ventilations of about 45 L/min.

When sulfur hexafluoride was breathed through the

MARK VIII and MARK XI combinations, the percentage of

extrinsic work which was contributing to the total respira-

tory work load rapidly increased as ventilation rose. This

was generally not the case with nitrogen-oxygen. The

Implication of this change is that at high flow rates, there

is considerable turbulence of the gas within the underwater

breathing #pparatus. The effect of this turbulence is to

markedly increase flow resistance within the equipment.

Work Against Mouthpiece Assemblies:

At low ventilations the contribution to extrinsic

respiratory work rate by the MARK VI mouthpiece and the

Xirby-kiorgan component mouthpiece was very small. At low

ventilations, there was little difference between the two

mouthpieces. At moderate and high ventilations, the Kirby-

Morgan component mouthpiece required appreciably less work

than did the MARK VI. This difference is undoubtedly a reflec-

tion of the larger orifice sizes of the Kirby-Morgan together

with its more pliant check-valves. On the basis of previous

study, it can be assumed that the check-valves per se are the

largest source of resistance in these assemblies. The incorpora-

tion of the Xirby-Morgan components into a mouthpiece assembly

slightly increWsed flow resistance. The extrinsic respiratory ,

work of an unmodified Kirby-Morgan helmet will be somewhat less

than that found in this study.0

"" ! .W ,4
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Work Against Carbon Dioxide Absorbent Cannisters:

The carbon dioxide absorbent cannisters contributed

the least to external respiratory work with both the .MARK

VIII and the MARK XI. The work done against the flat-can

type cannister of the MARK VIII was slightly greater than

that done against the MARK XI cylindrical cannister. This

is contrary to the findings of other investigators (27).

Work Against Pop-Off- Valves:

The MARK XI pop-off valve required more work than the

MARK VIII exhaust valve. The reasons for this difference are

not known, but two possibilities can be postulated. The

first is that there may be a difference in the effective ori-

fice size for gas flow between the two valves. The other

possibility is that there may be a greater amount of loading

when the MARK XI valve is open in dynamic conditions than with

the MARK VIII valve.

Wasted Work:

In this study wasted work is defined as work not acco'nteS

for in gas transport through the underwater breathing apparatus.

In large part, wasted work, probably represents work done

against elastic resistance whose potential energy is not

returned to the system. At low ventilations, wasted work

accounted for the major portion of extrinsic respiratory work.

At moderato and high ventilations with the MARX VII1 wasted

Uork was percentage-wise a smll contributor to the total

extrinsic respiratory work rate. This finding coneurb with

Cooper's work (19). With the JMRa. X1 UPA, wasted work -vas

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .- .......................
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) appreciably greater than with the MARK VIII. The reason for

this difference is not clear.

TOTAL RESPIRATORY WORK

With both nitrogen-oxygen and sulfur hexafluoride-oxygen

mixtures, the expenditure of total respiratory work was least

with the Kirby-Morgan component mouthpiece. From this stand-

point, this underwater breathing. apparatus was the most

acceptable equipment combination which was tested. At ventila-

tions of 33 L/min. and above, this UBA is not satisfactory for

use with dense gas as the total respiratory work expenditure

is too great.

The expenditure of large amounts of total respiratory

work is required to breathe dense gas with the MARK VIII and

the MARK XI with the MARK VT mouthpiece. For this reason

these UBA's are not satisfactory as breathing equipment with

dense gas at ventilations above 25 L/min. The theoretical

total respiratory work - ventilation curve for the MARK VIII

with the Kirby-Morgan component mouthpiece implies that the

respiratory impedance with this combination would be less

than that of a:ny equipment combination which was tested in

this study (Figure 43).

- S..- ~
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CONCLUSIONS

On the basis of this study it is apparent that the

MARX VIII UBA and the MARK XI UBA with the MARK VI mouth-

piece and with the Kirby-Morgan clamshell helmet are

unacceptable for use by divers doing hard work and breath-

ing dense gas. Subjectively, this equipment was disliked

* and drew pevere complaints under these conditions.

* During heavy work breathing dense gas through these

underwater breathing apparatus, an oxygen debt was con-

tracted. Hypoventilation and carbon dioxide retention were

profound and potentially dangerous. Mechanical work of

breathing was increased to an unacceptable level. These

underwater breathing apparatus fail to meet standards for

equipment breathing resistance that have been proposed in

the past (Table 10 and Figure 36).

Physiological embarrassment was slightly less with

the MARK XI with the Kirby-Morgan than with the other two

UBA combinations that were tested, but was still considerable.

It is concluded that these diving apparatus cannot satisfy

the ventilatory requirements of a diver breathing dense

gas during heavy work.

_ _ _ . . . . . . - - - - - - - . . .
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O RECOM2ENDATI ONS

Tentative Standards .for Resistance in SCUBA:

The only means by which the increases in intrinsic

respiratory impedance that a diver experiences while breath-

ing a dense gas can be minimized is by use of gases such as

"helium. However, on the basis of this study, it is apparent

that most of the breathing impedance which a diver encounters

is man-made and resides in the equipment rather than in the

man.

Any standards that are proposed for breathing resistance

in SCUBA must necessarily be somewhat arbitrary. Because of

the interaction of hydrostatic pressure imbalances with equip-

ment resistance, the increases in respiratory impedance which

a diver encounters can be srvere. For this reason, spezifica-

tions must be proposed for the magnitude of positive and

negative pressure breathing, as well as for equipment resistance.

As was previously discussed, in aviation the maximum

for continuous positive pressure breathing is = 20 cm H 0.
2

Even at this pressure profound physiological alterations and

syncopal episodes may occur. A diver may of necessity have

to work in a single position for long periods. As a conse-

quence he would be exposed to long periods of positive or nega-

tive pressure breathing. For this reason, and because of the

interaction of pressure breathing with equipment resistance,

the authors recommend that a diver should never have to

(\) positive or negative pressure breathe at pressures greater than
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0 15 Cm H20. The optimum situation would limit hydrostatic

pressure to + or - 75 cm H20.

Silverman (57) stated that at a work load of 830

Kg-M/min, inspiratory resistance would not exceed 82 nmn

H2 0 and expiratory resistance be no greater than 53 mm

2H 20. At a work load of 1107 Kg-M/min the maximumn tolerable

resistance was 64 mm H 0 on the inspiratory side and 41 mm
2

11,20 on the expiratory side. If these standar~ds are applied

to the diving situation, the effect of increased gas density

must be considered. Therefore, the maxianun resistance for gas

flow in diving equipment could not exceed these standards at

a flow rate of 85 L/rin with the densest gas miyture that may

possibly be used with the equipment.

Silverman's (57) standards do not con•Ider the co.ncir1,r•.t "

presence of either positive or negative pressure. Therefore,

it is desirable to reduce these standards for diving equip-

ment. The maximum external work load that a diver is likely

to encounter is about 1000 Kg-M/min. The authors propose that

at this work load, inspiratory resistance should not exceed

60 mm H20 and that expiratory resistance be no greater than

40 mm H20. These resistances are of course at a'flow rate cf

"85 L/min with the maximum density gas.

Standards for breathing i~mpedance which are exgressed

in terms of total external respiratory work take into considera-

tion both equipment flow resistance and hydrostatic pressure.

Silverman's (57) standard as modified by Cooper (18) probahly

0 represents as valid a st=n6czý.: for maximum pe:-rmissible brh .... t. -

*-.-.-" ......

_______ ______ ___________I!
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impedance as can be postulated in the present state of

knowledge. On this basis the authors recommend that the

total external respiratory work rate should never be greater

than 0.6% of the external work load. During heavy work

(1000 Kg-M/min) this would amount to 6 KgM/min.

It should be noted that subjects whose external respira-

tory work rate is this high experience discomfort and physio-

logical embarrassment. There is considerable evidence to con-

demn as unsafe an apparatus which does not meet this standard.

Additionally, there is considerable evidence to support a

reduction of external respiratory work rate well below this

standard.

Proposed Testing Methods to Determine Breathing Impedance
of Underwater Breathing Apparatus:

The authors recommend that breathing impedance be deter-

mined for all Underwater Breathing Apparatus. Equipment

breathing impedance should be expressed in terms of total

extdrnal respiratory work rate.

Little equipment is required to determine external

respiratory work rate. A bicycle ergometer or equivalent means

of regulating external work load is needed. Measurements of

ventilatory flow rates can be obtained by a pneumotachometer.

Mouthpiece to ambient differential pressure can be measured

with a differential pressure transducer. A gas such as sulfur

hexafluoride should be utilized, and its density adjusted for

the maxintum depth to which the equipment is to be certified.

Only two subjects are required. These subjects should

be studied at rest and while exercising at work loads of

'A,-
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500 and 1000 Kg-M/min. If a semi-closed UBA is being

0 studied, then the pop-off valve should be set to relieve at

+5 cm H 0. A plot of respiratory minute volume to external
2

respiratory work rate can then be constructed as in Figure 36.

A more detailed description of the experimental tech-

nique and method for computing external respiratory work r~ate

is given in the METHODS AND MATERIALS Section of this report.

Future Studies:

Future study should be directed towards a deteriaination

of the breathing impedance of the submerged diver. The bio-

instrumentation necessary to conduct a study of this sort

will have to be developed. Immersion will alter to an undeter-

mined degree the respiratory impedance of both the diver and

his underwater breathing apparatus. It is anticipated that the

alterations induced by immersion will only intensify the

deleterious physiological changes which we observed in a

"dry" environment.

" t '
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LOW RESISTANCE SYSTEM
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APPENDIX B

At thp suggestion of Cdr. Bradley, Lt. Craig Van
Dke conucted an analysis of the mathemtical formulae

currently used for calculating the oxygen concentration

in Semi-Closed Underwater Breathing Apparatus. This

analysis utilized data obtained in the UBA breathing

impedance study. While not properly within the purview

of this report, this analysis is considered to warrant

inclusion because of its general interest to the diving

community.
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ABSTRACT

The primary concern in analysis of a semi-closed circuit

Underwater Breathing Apparatus JUBA) is determination of the
i percent oxygen in the breathing medium. Dwyer in 1955 pre-'i

sented a method of calculating inhalation bag oxygen levels in

a circulating semi-closed UBA using the injection rate, oxygen

consumption, .and the percent oxygen in the supply gas. However,

current semi-closed UBA (Mark VI, VIII, XI) are of a different

design than the model used in Dwyer's analysis. Consequently,

many assumptions used in deriving Dwyer's equation are no

longer valid. A more valid method of calculating inhalation

bag and exhalation bag oxygen levels, and the amount of oxygen

lost to the system through the exhaust valve is presented.

It was felt necessary to obtain data to determine if

lwyer's equation could still be used in determining inhalation

bag oxygen levels for current semi-closed circuit UBA. A

breathing impedance study of the Mark VIII and Mark XI under-

water breathing apparatus was recently conducted by Submarine

Development Group I. Data obtained from this study using gas

mixtures of N2- 02 and SF 6 -0 2 at three different activity levels

is compared to the theoretical calculations. A close ac.reVnt

between measured values and thora determined by use of the

equations is noted.

0
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Because of the simplicity of Dw.yer's equation and its

2 applicability to current semi-closed circuit UBA as verified

by this study, it is recommended that Dwyer's equation con-

tinue to be used in calculating inhalation bag oxygen levels

o..f. .the'Mark VI, VIII and XI underwater breathing apparatus.

SIt is further recommended that all future semi-closed circuit

UBA be experimentally evaluated for close agreemient between

measured inhalation bag oxygen levels and those calculated

using Dwyer's method. The concept of 20% of each breath being

lost from the system via the exhaust valve is erroneous, and

should no longer be promulgated.

iii



.c) SUMMARY

• PROBLEM:

Current semi-closed circuit underwater breathing apparatus

(Mark VI, VIII, XI) are of a different design than the model

used in deriving Dwyer's equation for predicting inhalation

bag oxygen levels. Consequently,many of Dwyer's assumptions

are no longer valid. This study was undertaken to determine if

Dwyer's equation remains applicable to current semi-closed

circuit underwater breathing apparatus (UBA) and to provide an

alternative method of calculating inhalation bag oxygen levels.

A method of calculating exhalation bag oxygen levels, and the

volume of gas and oxygen lost from the system via the exhaust

valve is also provided.

FINDINGS:

Dwyer's equation remains applicable to current semi-

closed circuit UBA. The methods presented to calculate exhala-

tion bag oxygen levels-, and the total volume of gas and oxygen

lost through the exhaust valve are also valid and accurate.

Statements that 20% of each breath exhausts through the popoff

valve are not correct.

RECOMIMENDATIONS:

Dwyer's equation should continue to be used in calculating

inhalation bag oxygen levels for the Mark VI, Mark VIII and

Mark XI underwater breathing apparatus. All future semi-clor"'se

circuit UBA which are significantly different in design fi-Orn th&

used in Drycr.s analysis should bo studied to discern if DwyCr'

equation is valid for predicting their Lnhalation hag oxygen Y3.'

iv



The concept of 20% of each breath being lost through the*

exhaust valve is erroneous and should no longer be promul-

gated.

I
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FIGURES0.
I. Semi-closed circuit underwater breathing apparatus used

in Dwyer's analysis.

II. Current model of semi-closed circuit underwater breathing

apparatus.
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INTRODUCTION:
The fundamental concern in the use of any semi-closed

circuit underwater breathing apparatus (UBA) is to have a

reliable method of calculating the inhalation bag oxygen level.

It is the percentage of oxygen in the breathing medium which

determines the partial pressure of oxygen to which the diver

is exposed. The percentage of oxygen in the breathing medium

must yield a partial pressure of oxygen which is a compromise

between hypoxia (shallow depth and high oxygen consumption)

and oxygen toxicity (deep depths and low oxygen consumption).

DESCRIPTION:

In 1955 Dwyer analyzed a simple recirculating semi-closed

circuit UBA (Figure I), and derived an equation to determine

inhalation bag oxygen levels in a static state given the

injection rate, percentage of oxygen in supply gas and the

diver's rate of oxygen consumption. Dwyer's mathematical

Sanalysis was ',based on a circulating semi-closed UBA which

had a common mixing bag (i.e., common inhalation and exhalatim)n

bag.) Two postulates were necessary to derive his equation.

The first assumed instantaneous mixing of the injected gas

with all the gas throughout the system. Dwyer's second postu-

"late was to assume that with instantaneous mixing the gas

leaving the system through the exhaust valve had exactly the

same composition as the breathing medium.

kQI
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Q Dwyer states:

"By the second postulation, the bag oxygen
level is the same as the exhaust gas oxygen
level, which is subject to a very simple
mathematical analysis. It is specifically
the ratio of the mass of oxygen in the exhaust
gas to the total mass of exhaust gas. How-
ever, the mass of oxygen in the exhaust gas
is the difference between the mass of oxygen
available in the injection and the mass of oxygen
consumed by the diver; and the total mass of
exhaust gas in the difference between the total
mass of gas in the injection and mass of oxygen
consumed by the diver.

Converting these statements into a mathematical
formula yields the following equation:

MfX-C

where:

B - bag.oxygen level, percentage decimal
m - mixed-gas injection rate, standard liters per minute
x = available oxygen, standard liters per minute
c = oxygen consumption, standard liters per minute."

It is clear that current semi-closed circuit UBA,

Mark VI, Mark VIII, Mark XI (Figure 2) differ from Dwyer's

original model. These underwater breathing apparatus have

separate inhalation and exhalation bags. Gas Is injected

into the hose between the Baralyme cannister and'the inhala-

tion bag. The exhaust valve is located on the exhalation

bag.

Because of this change in design, neither of Dwyer's

postulates are valid for current semi-closed circuit UBA. There

is not instantaneous mixing of the injected gas throughout the

system since the Inhalation bag is physically separated from the

2



exhalation bag. It is evident that gas composition is

0significantly different between the two bags. The exhalation

bag has a lower oxygen percent and a much higher carbon dioxide

percent than the inhalation bag. Because of this, the gas

leaving the system via the exhaust valve (popoff valve) is of a

different composition than that of the breathing medium.

Though not stated Dwyer's analysis makes two additional

assumptions. The first is that the respiratory quotient of the

diver is equal to 1, which is approximately true with exercise.

His analysis also assumes an ambient pressure of 1 atmosphere

absolute.

PROCEDURE:

Since Dwyer's postulates are no longer valid for currbnt

circulating semi-closed UBA, a new mathematical analysis is

presented. Instantaneous mixing throughout the system is not

assumed and the gas leaving the system through the exhaust valve

is considered to have a different composition than gas in the

inhalation bag. Thfs analysis assumes a state of equilibrium

in which the volume of gas added to the system (injection rate)

is equal to the amount of gas lost from the system via the

exhaust valve and the carbon dioxide, which is completely absorbed

by the Baralyme. A respiratory quotient of 1 is assumed so

that the volume of oxygen consumed by the diver is equal to the

carbon dioxide produced by the diver. The respiratory minute

volume (MV) is considered to be the rate at which the gas is

circulating through the system. The analysis assuines an ambient

3



pressure of one atmosphere. absolute.

The oxygen percent in the exhaust bag (Fe) is the ratio

of the volume of oxygen entering the exhalation bag per unit

of time to the total volume of gas entering the exhalation

bag per unit of time. Converting these statements to a

mathematical formula yields the following:

Fe (B) (R!.V) - c
RWV

where:

B = Inhalation bag oxygen level (decimal)
RMV - Respiratory minute volume (1/min)

c = Oxygen consumption (1/min)

Since the system is assumed to be an equilibrium and the

respiratory quotient is one, the volume of gas leaving the

system through the exhaust valve is the difference between the

volume of gas injected into the systemper unit time and the

volume of gas absorbed by the Baralyme per unit of time (i.e.,

the oxygen consumption). Converting these statements to a

mathematical formula yields the following:

V. m-c
e

where:

V w Volume of gas lost through the exhaust valvee " (l/,in)

m - Injection rate (1/min)

c - Oxyqen consumption (1/min).

Thereforo, the amount of oxygen loot to the system

through the eAhaust valve per minute is:

Vo - (Pe) (m-c)0-

I



S• where:

V = oxygen lost through the exhaust valve (1/
rain)

substitutingt

V = (m - c) [ (RM.v) (13) - c] {
0 RMV

The volume of gas lost through the exhaust valve per breath

is:

V =Ve rm-c
f -

where:

f respiratory rate per minute
Vf = volume of gas lost through exhaust v-lve

per breath

The fraction of each breath which is lost from the sys-0em !

through the exhaust valve'is:

Vf I

where:

St tidal volume (liters) i
The inhalation bag oxygen level is the ratio of the volum.

of oxygen entering the inhalation bag per unit time to the tot>!

volume of gas entering the inhalation bag per unit time, The

volume of oxygen entering the inhalation bag is the sum of that

being injected and. the oxygen that is being recerr2'uatcd. The

volume of oxygen being recirculpted is the volume of oxygen coming

from the inhalation bag minus the oxygen lost frcm the system

O through the exhau!;t valve an( by oxygen cotirunmption. The tot:-l-

5



v volume of gas entering the inhalation bag per unit time is

the respiratory minute volume.

"Converting these statements into mathematical formula

yields the following:

B mx +(B)(RP.MV) -c - VO

SII
Rearranging:

M x + B c- - v Z_

RIx c -

RMV RAV R.MV

Substituting for Vo:
(m-c) 1(B) (P..¶v)- c)

-X c F7IV

Mx c (m) (B) (RMV) - (B) () (,V) . - c+ c2

- c (-B) (m) + ( + (c)m(r) c2
, - Vv 0V3vi)l (,iv)

_v c + (c)(M) (. - __,L

___ ()NŽ'V) (jO.t4-;2 IR?¶) ZU4%V

2ft j (m~-c)
-x C + (c)() mc-

WV- --R- - -- '-1T4"

4- . c (1-) (i .-C)

ri x - c + (c) ,m) - c 2
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RESULTS AND DISCUSSION:

To determine if Dwyer's equation and the equations de-

rived above are valid for use with current semi-closed

circuit UBA, data from a breathing impedance study of the

Mark VIII and Mark XI underwater breathing apparatus was

used. This study occurred in a dry laboratory. Both diver

and non-diver subjects were required to pedal a bicycle

ergometer at different activity levels (500 and 1000 kg. m/min.)

while breathing on the above underwater breathing apparatus.

Subjects breathed N2 - 02 and SF 6 - 02 (to simulate breathing

a more dense gas at depth) gas mixtures. Numterous measure-

ments of pressure and flows were determined including: inhala-

tion and exhalation bag gas compositions, injection rate,

oxygen percent in gas Funppy: subject's oxygen consumptnion and !

respiratory minute volume. Representative data from this

study are compared to results obtained from the above equations

in Tables 1 - 4.

Current semi-clpsed circuit UBA have been used for many

years without any experimental evidence that Dwyer's equation

is a valid method of calculating their inhalation bag oxygen

levels. Table ) compares measured inhalation bag oxygen

levels with those calculated using Dwyer's equation. The

calculated results compare very closely with the measured

results of both the Mark VIII and Mark XI underwater breathing

apparatus under all conditions of the study. Table 2 compares

7



measured inhalation bag oxygen levels with those obtained

Q using the equation derived above. The calculated results

generally are 1 - 5% higher than both the measured values

and those obtained using Dwyer's equation. No explanation

for the discrepancy between measured values and those obtained

using the new equation can be given at this'time.

Table 3 compares the measured exhalation bag oxygen

levels with those obtained using the equation derived above.

The calculated results compare very closely with the measured

results of both the Mark VIII and Mark XI underwater breathing

apparatus under all conditions.

Table 4 presents the total volume of gas and the volume of.

oxygen which is lost from the system through the exhaust

valve per minute. The volume of gas that passes through the j
exhaust valve.is approximately the same at each work level.

It ranges from a low of 1 liter per minute at rest to a

high of 13.96 liters per minute at heavy work (1000 kg m/min.).

The volume of gas which is lost through the exhaust valve

per breath ranges from 0.07 liters to 1.29 liters. The

fraction of each breath (tidal volume) which is lost through

the popoff valve is also presented and ranges from 12% to

* •73%. Generally, for activity levels other than rest, the

fraction of each breath which is exhausted through the

"popoff valve is greater than 20%. Consequently, statements

that approximately 20% of each breath is lost through the

exhaust valve are not correct.

8



CONCLUSION:

Though many of Dwyer's assumptions are not valid for

current semi-closed circuit. UBA, his equation for determining

inhalation bag oxygen level remains applicable'and should

continue to be used. The mathematical equations derived

above for exhalation bag oxygen levels, and the volume of.

gas and oxygen which exhausts through the popoff valve are

valid and should be used in future calculations. Statements

that 20% of each breath is exhausted through the popoff valve

are incorrect and should no longer be promulgated.

All future semi-closed circuit UBA should be experimen-

tally evaluated for close agreement between measured inhalation,I[
bag oxygen levels and those calculated using Dwyer's equation.
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. "-. A diver breathing with an underwater breathing apparatu,,

will have his ventilatory capability de*raded by an irnherent
breathing impedance in the equipment used. The impedance of
b6th the equipment and the diver's respiratory system will
increase as ambient pressure increases. There is little
informartion available concerning the deleterious physio-
logical effects imposed on the diver breathing with an
underwater breathing apparatus. A paucity of information
delineating bioengineering specifications for breathing resis-
tance in underwater breathing apparatus exists. This study

was undertaken to measure the breathing resistance enountered
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determine breathing impedance in underwater breathing
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